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SYNOPSIS
The process of fibre optic telecommunication cable production is hampered by a number of cable 
induced sources of attenuation which act upon the fibres. The majority of fibres receive a "normal" 
or average set of attenuation inducements. Despite this, observations of process attenuation increments 
show that some fibres show a greater increase in attenuation than others. The same levels of 
inducements therefore lead to varying levels of attenuation. These observations suggest that fibres 
have varying inherent levels of resistance to the loss modes of the cable and that the degree of 
resistance could be related to the fundamental parameters of the fibres. This work is aimed at 
evaluating this possible link, firstly between the fibre parameters and a specific mode of loss known 
as "microbending", and subsequently upon the fibre parameters and the general "cable induced loss 
mode".
As part of this research programme, a highly repeatable test was developed capable of inducing very 
pure microbends in fibre and a strong correlation was established between the parameters of fibres 
and their performance on the test. The test method was investigated by British Telecom., and the 
cabling industry and adopted as a reference test method for the measurement of fibre susceptibility 
to the microbend effect.
The work was extended to the cabled fibre product and using the same regression techniques as in 
the first part of the work, a possible link between cabled fibre performance, microbend test results 
and fibre parameters was explored. While it is shown that there is some correlation, it became evident 
at this stage of the investigation, that other variables apart from fibre parameters were affecting cable 
performance.
The overall project resulted in an increased level of awareness and understanding of cable induced 
loss modes in general and microbending in particular.
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CHAPTER 1.0. 
INTRODUCTION.
1.1 Optical Fibre-Prognosis and Economic Impact.
Optical fibre is an excellent transmission medium. It has many advantages over the other media 
including low signal attenuation, high bandwidth, small size, strength, flexibility, low cost, 
electromagnetic noise immunity and safe and quiet operation. This unique combination of features 
make fibre by far the most useful of all transmission media.
Optical fibre was originally intended to do little more than act as a light guide. However, twenty 
years of development have transformed it into the most promising of all transmission media. 
Alongside the dramatic development of the fibres themselves, optical transmitters and detectors have 
so improved the transmission and reception of optical signals that optical fibres are now approaching 
their full potential.
The prognosis for optical fibre is excellent. Society and industry is advancing towards an information 
intensive society, where optical fibre is an essential component, providing arterial highways for the 
information traffic of the future. As fibre performance continues to improve, and the infra structure 
of related technology continues to build up, the range of applications of optical fibre will continue to 
broaden.
The attenuation of current silica fibres is close to its theoretical (asymptotic) minimum value of 
approximately 0.14 dB/Km at the 1550 nm wavelength. The fine tuning of this loss is aimed at 
achieving a practical single mode fibre with low dispersion over the usable spectral region which can 
be manufactured at low cost. More basic work on an exact electromagnetic solution for waveguides
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with frequency dependent and profiled index distribution, [1.1], will improve fibre design. The basic 
work on glass-material-formation mechanisms and its relationship to scattering, radiation hardness1 , 
refractive index and non-linear coefficients will substantially increase our ability to tailor fibres to 
specific applications. Continuing work on new fibre fabrication methods promises to reduce the basic 
cost further, so that the cost of a single mode fibre will eventually be less than the cost of a pair of 
copper wires.
In the future silica fibre, with its advantageous mechanical properties and abundance of the necessary 
raw materials, will constitute the majority of transmission fibres. Except where repeater spacing must 
be as great as possible, (eg. trans Atlantic optical links with spacings greater than 200 km.), silica 
fibre is adequate for most applications. Where repeater spacing must be minimised, fluoride glasses, 
chalco genide glasses and infra red transmitting crystals appear to yield the low losses required, if 
material structure can be controlled and impurities differentiated and removed, [1.2].
Special single mode fibres can be used for sensor application, (where grids are used and matched to 
the beat length of the light within the fibre), where maintenance of polarisation is crucial; and for 
component application.
For applications in hostile environments and in some sensor applications, silica fibre requires a 
coating of non glassy material. Silicon Nitride, (SiNJ, and metals have been used to successfully coat 
the fibre to form a hermetic shield. However, some coating methods reduce the strength of fibres, 
possibly due to surface crack formation. Coating uniformity can also cause excessive temperature 
dependent bending losses. Research in this area involves controlling the deposition of material on the 
glass surface by better regulation of the chemical reactions involved. The objective is to improve
1 radiation hardness-the ability of a fibre to resist opacity following the electromagnetic shock 
wave from a nuclear blast
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deposition uniformity and adhesion, as well as broadening the range of materials usable for the fibre 
coating.
Advances in fibre technology have led to increases in information carrying capacity, (bandwidth), and 
decreases in signal attenuation over the length of the fibre. Advances have now brought fibres to the 
point where their full potential is only limited by the terminal equipment. Significant technological 
advances in signal processing capabilities at the terminals are required if the full potential of existing 
fibres is to be achieved.
Fibres currently available can handle 1000 GHz bandwidth. Current fibre systems have been designed 
to handle signals up to 2.24 Gb/s. Highest bit rate signal transmission demonstrated is below 10 Gb/s. 
Two pertinent questions are:
(i) Is 10n b/s, (tera bit rate), possible for future optoelectronic components?
(ii) If 1012 b/s can be attained, how should the design of signal handling systems be changed to 
take advantage of such high signal processing speeds?
These questions are timely since the transmission capabilities of the fibre are adequate to cater for 
these signalling rates. Indeed, several applications indicate that the demand on information capacity, 
transmission and processing rate can make use of such high signalling rates.
For example, if video phones at 70 Mb/s per channel are as densely installed as telephones at 64 kb/s 
per channel today, the transmission requirement would be 1000 times the current trunk system 
transmission rates of 560 Mb/s; hence 560 Gb/s would be required [1.3].
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The lag of the capabilities of the "end" technologies behind the optical fibres has led to a shift of 
emphasis in the areas of principle research of the fibre optic producers and users since the gradient 
of the improvement curve has now decreased. The research can now broadly be split into two areas:
(i) Improvement of fibre and telecommunication cable production methods for improved yields,
(ii) Modifications to fibre and applied protective layers to produce specialised performance 
characteristics or enhance performance of fibres exposed to specific or extreme conditions, (eg. 
radiation hardened fibre does not become opaque in the electromagnetic shock wave which follows 
a nuclear blast.
Area (ii), is concerned primarily with the leading edge of fibre and cable development, and is very 
dependent upon customer requirements. A production company is approached by a customer with 
specific requirements; or a market, (geographical or technological), is addressed and suitable products 
are developed. This means that this is a shifting set of criteria defined by various customers, which 
are specifically targeted and researched on an interactive basis with the customer to develop products 
fully compliant with requirements. For the purposes of this project, area (ii), was not addressed as 
no single research area existed. Projects connected with this area of research were primarily of a 
short-term nature and were therefore unsuitable as a teaching company project.
Area (i) was concerned with the concept of quality within the workplace and with the integrity of a 
product throughout the production cycle. The area of study sought to make changes to production 
methods to improve the final product by "fine tuning" the input materials and processes. Area (i) did 
not cater for the needs of any one customer, but sought to improve the standard of product and 
improve cost effectiveness for all customer products.
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L2 Optical Fibres, a Description
An optical fibre is essentially a dielectric waveguide. It has been known for some time that 
high-frequency electromagnetic energy can be transmitted along a glass or plastic rod and, indeed, 
simple observation shows that short rods are translucent to light. Unfortunately, two factors prevented 
that knowledge from being used to produce useful light guides:
(i) energy carried near the periphery of the dielectric was radiated out to the surrounding air,
(ii) the dielectric production techniques were primitive and could achieve only product where 
attenuation was so large that worthwhile transmission distances could not be achieved.
The first difficulty, though almost insurmountable at microwave frequencies, was overcome in the 
optical and infrared parts of the electromagnetic spectrum by enclosing the guide in a cladding of 
similar material, but which has a slightly smaller refractive index. The boundary between the cladding 
and the core acts as a reflecting surface to the transmitted light using the property of total internal 
reflection. The second problem, that of high attenuation, could only be reduced by refining the 
methods of producing and drawing the glass so that the impurities and irregularities were reduced to 
a minimum. The attenuation now achievable in the laboratory is almost as low as possible, at about 
0.2 dB/km.
Fibres of varying quality are used for communications, but when distances are significant, care is 
taken to ensure that the lowest attenuation possible is achieved. This involves choosing the best 
operating frequency for the particular fibre material, and ensuring that any contaminating elements 
are removed from the glass during manufacture. Before considering the loss mechanisms inherent in
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any fibre, we will look at the different fibres used, and examine, with the help of ray theory, the way 
in which light propagates along the optical waveguide.
A practical fibre must have a light guiding core enclosed in a coaxial cladding of a second transparent 
material whose index is lower than the core. The larger the index difference, the larger the angle of 
acceptance. For optical fibres, the criteria for efficient and large light carrying capacity are:
(i) large core diameter,
(ii) high core refractive index,
(iii) low cladding refractive index,
(iv) sufficient cladding thickness,
(v) good flexibility,
(vi) good transmission efficiency.
These criteria are qualitative and served initially as engineering design yardsticks.
The journey of all light waves through an optical fibre starts at a source: usually a laser or a 
light-emitting diode. The source is placed close to one end of the fibre. Light from the source 
illuminates the core. Some of this light will pass straight along the axis of the core, while the 
remainder will enter at an angle and will eventually hit the core-cladding interface. Light striking the 
interface at steep angles will breach the interface and cladding, and will then be absorbed typically
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by a plastic coating meant to protect the fibre from mechanical damage. Light striking the interface 
at shallow angles will be totally reflected back into the core. This total reflection process occurs 
repeatedly, guiding light rays along the length of the fibre.
The total reflection is the result of the fact that light and all other electromagnetic waves travel at 
different speeds in different materials. The speed with which light travels through a material is 
represented by the index of refraction: the ratio of the speed of light in a vacuum (which is the fastest) 
to the speed of light in the material. Since light travels slower in the core than in the cladding, the 
core has a higher index of refraction. Whenever light travels from a material of high refractive index 
to one of low refractive index, some is reflected and some is transmitted. The fraction of light 
reflected depends on both the angle at which light strikes and the refractive index difference between 
the two substances.
Fine tuning the difference in refractive index between the core and the cladding and controlling the 
diameter of the core, can enhance the guiding effect so that light signals stay focused and all signal 
components arrive at the receiver simultaneously. If all goes well, some of the light from the source 
emerges at the far end of the fibre core and illuminates a receiver, which is usually a photosensitive 
detector on a circuit wafer.
1.3 The Problem
Based on the above description of light transmission in a fibre, it might be supposed that the 
attenuation of a fibre would be fixed after the fibre had been made. In practice however, a curious 
effect is observed in that the attenuation of fibres increase during the cable production process, this 
amount being known as the attenuation increment. The area chosen for this research was to investigate 
the attenuation increments observed in fibres as they progress through the production process when
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they are put into cables. Samples of fibres observed throughout production of telecommunications 
cables can be seen to behave in a characteristic way. The performance and final signal loss in most 
fibres is closely related to the level of attenuation measured in the fibre before the start of cabling. 
These fibres, which we may regard as having standard performance, constitute by far the largest 
percentage of all fibres produced. Although initial attenuations of some fibres are not noteworthy, 
they can subsequently behave in a non standard way. It would appear that for these fibres the 
increment in attenuation at each stage of production, and more importantly the attenuation observed 
in the completed cable, does not follow the pattern which is attributed to normal fibres. These fibres 
can be called "rogues" and can often be the cause of costly reworking or even scrapping of a cable. 
With 96 fibre cables in regular production, one rogue fibre can be a very costly event.
Many modes of loss are active in telecommunications cable and all cause attenuation in fibres to 
varying degrees. When inserted in cables, fibres in the main produce a basically standard set of "cable 
induced losses", which in normal fibres cause an attenuation increment of a certain amount. The 
rogue fibres discussed above however, show a raised level of susceptibility to the cable production 
induced losses modes and tend therefore to produce unacceptable levels of attenuation in finished 
cable. It was therefore decided that the research would be based in two areas:
(i) Investigation of the nature of fibres which showed higher than normal levels of susceptibility 
to the set of cable induced loss modes.
(ii) Investigation of one of the more dominant modes of loss active in cables, namely 
microbending.
Without doubt, the most significant loss mechanism active in the cabling process is that of 
microbending, [1.4] . Despite this, microbending remains one of the least understood loss
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mechanisms. There are no entirely satisfactory methods tests in existence to test the effect or the 
susceptibility of fibres to it; neither are there measures incorporated in cable designs specifically to 
eliminate it.
The purpose of the study was therefore to carry out an investigation into the nature of microbending 
and the susceptibility of fibres to it; and to examine the general set of cable induced losses in order 
to minimise their effects and maximise cable acceptance rates. By improving the quality of knowledge 
in both of these areas, it was judged that a greater understanding of the cable production process and 
of the requirements for optimum fibre and cable designs could be attained. The achievement of these 
objectives would directly improve the quality and the cost competitiveness of the products produced. 
A variable would be removed from the production process, and the process of producing cables would 
become more scientific and therefore more controlled.
This dissertation will present methods of fibre and cable production and investigate the related theories 
governing optical fibres and cables, which will then lead on to identify the problem being addressed, 
and the approach adopted to resolve the issues raised.
The project targets the area of test research to establish modes of microbending and to examine the 
validity of mathematical modelling. Following the successful development of a repeatable, pure 
microbending test and the successful modelling of results obtained on the test using fibre parameters- 
proving the inherent susceptibility of fibres to the microbending mode of loss, the direction of the 
study was altered to address the situation of cabled fibres. Three bodies of data arose: the fibre 
parameters, the test results of the fibres and the cabled fibre performance. The first part of the work 
was presented at the 1989 International Wire and Cable Symposium in Atlanta, Georgia as a technical 
paper, while the second area of research indicated the shortcomings of the work carried out thus far, 
the potential for future resolution of the cabled fibre attenuation increment problem and finally the
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establishment of the innate susceptibility of individual fibres to the loss modes imposed on it by the 
cabling process.
The dissertation will end with a report, firstly of the pilot study undertaken to verify the validity of 
the work, secondly of the method of research chosen and finally a discussion of the main project.
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CHAPTER 2.0. 
Characteristics and Classes of Optical Fibre.
2.1 Introduction
In the constant search for increased information capacity and decreased attenuation, the chemical 
composition and the geometric characteristics of fibres are under constant scrutiny and manipulation. 
Chapter 4 deals with the improving standards of glass clarity whereas the purpose of this chapter is 
to define the mode of operation of fibres and the various designs in existence to improve their 
performance.
There are two basic theories which explain fibre optic performance. The first, in existence before 
light was understood to be an electro magnetic wave, is ray optics. While later electromagnetic wave 
theories offer an in-depth and accurate description of a fibre's characteristics; physical and particularly 
geometrical optics provide a readily understood description which is helpful in developing a physical 
understanding of the performance of the fibre. Ray optics, provide design guidelines, as well as 
suggesting how electromagnetic solution can be constructed by suitable approximations.
The second descriptive theory alluded to already, uses electromagnetic wave theory developed by 
Maxwell, and in particular is explained using Maxwell's equations. The equations treat the fibre as 
a dielectric waveguide, and yield results which are "precise solutions".
By the time light was identified as electromagnetic energy, Maxwell's equations governing 
electromagnetic wave behaviour were already well known. Specific solutions have been obtained for 
many important practical problems in the fields of waveguides and antennae. However, analytic 
solutions are obtained only when the geometry and boundary conditions are favourable. The dielectric
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waveguide or fibre problem had been solved for some ideal cases namely, the planar waveguide cases 
early in the 20th century. The classical approach starts with the set of Maxwell's equations for a 
linear, isotropic, loss less dielectric material having no current or charges, [2.1]. These are used to 
deduce the progression of light along the dielectric guide.
A plane wave in free space is also one solution of Maxwell's equations. Its physical characteristics 
can be verified in practice as electromagnetic energy in the form of radio or optical waves. The laws 
of optics can be derived formally in ray formalism. Polarisation of the optical plane wave is seen to 
be associated with the direction of the E, electric field vector, or H the magnetic field vector. The 
E and H vectors in a plane wave are transverse and perpendicular to each other. Power is expressible 
in the form of a Poynting vector. The dielectric-waveguide problem was solved early in the 1900's, 
both for planar infinite slab guides and for the circular rod surrounded by a second infinite medium. 
Whilst the solution is valid only for ideal dielectric material, it does provide a means to determine 
the field distribution of propagating and radiative modes, as well as propagation constants. It shows 
that a finite number of modes can propagate in a dielectric structure corresponding to specific 
geometric ray directions. The radiative modes form a continuum and correspond to unguided refracted 
rays. The wave description provides an exact description of the characteristics of the fibre as a 
waveguide, and allows the fibre design to be improved.
The earlier of the two theories, the ray optics approach as previously discussed, is less precise than 
the electromagnetic system described above. However its usefulness as a means of approximating the 
exact solution of the electromagnetic theory results is apparent. This is demonstrated by considering 
the concept of an optical beam or a ray in relation to the infinite plane wave. If a plane wave front 
is infinite in extent, it satisfies Maxwell's equations and can be exactly characterised by a direction 
of propagation normal to the wave front and a polarisation direction of the transverse E vector. When 
a cylindrical optical beam has a cross-section measured in many wavelengths across its diameter, the
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beam spread is small, especially over short distances. It is reasonable to expect that the beam front 
behaves as a localised plane wave of infinite extent. Although this approximation is theoretically 
difficult to manage, and has not been satisfactorily quantified in a general and useful way, a slender 
beam of light 0.1 mm in diameter at a wavelength of 1 jum, only diverges at approximately 1/100 
radian, so that when propagating to a point 100 wavelengths away, the diameter increases by only 1 
%. Its behaviour can therefore be said to closely resemble that of a plane wave.
In a straight fibre, the ray approximation appears to have good validity. This can be explained readily 
in a planar waveguide. The propagating modes of a planar waveguide can be shown to be equivalent 
to the intersection of two plane waves. Hence, a ray analysis is exact. In the fibre, the propagating 
of modes can be shown to be able to be constructed from a spectrum of plane waves, indicating again 
that ray representation should be exact.
2.2 Fibre Types 
2.2.1 Introduction
Glass is an obvious candidate material for optical fibre light guides. It is transparent and can be pulled 
into a thread of uniform cross section. From early times, a flexible means of guiding light was 
theoretically possible. The steps towards developing a light guide with prescribed performance 
meeting practical application requirements are many and involve a series of scientific and 
technological breakthroughs.
The optical fibre can serve as a light pipe for visible light. A practical fibre may be produced with 
two glasses, of differing refractive indices. The glass with the higher refractive index serves as the 
light guiding core; the other with lower refractive index serves as cladding which allows the fibre to
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be handled without disturbing the light propagation. A practical fibre is therefore made up of a light 
guiding core enclosed in a coaxial cladding of a second transparent material who's refractive index 
is lower than that of the core. The larger the index difference, the greater the angle of light 
acceptance into the fibre, (the numerical aperture-see chapter 3).
Were the only design criteria the volume of light power transmitted, conformance to these criteria 
would be all that was required from fibres. However, information is transmitted along the fibres by 
modulation of the light signal, and it is found that the requirements of signal capacity (bandwidth), 
are opposed to those of light power, (see later chapters). In specifying physical dimensions and 
refractive index profiles of fibres, therefore, a compromise has to be established between these two 
opposing requirements.
Three types of fibre are shown in Fig 2.1, and discussed in 2.2.2, which demonstrates the progression 
in understanding of light:
(i) from the flexible light pipe where, because of low glass purity light power had to be
maximised;
(ii) designs where glass purity had been improved to a point where light power could be so
limited that only one mode propagated in order to increase the fibre bandwidth;
(iii) a design where the principal causes of bandwidth limitation-dispersion, (see chapter 6), are
minimised, while large core diameter is maintained for large numerical aperture and therefore high
light power insertion.
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Figure 2.1 Types of Light Propdagation in Different Fibre Designs.
2.2.2 Fibre Designs
Wide variations exist between fibre designs. Differences exist principally between the cores and their 
refractive index profiles. Fig 2.1 shows three of the most popular designs, their effect on signal pulses
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and the mode of propagation of light along these fibres. The following sections discuss the merits of 
these and other fibre types.
2.2.2.1 Multimode Fibre
The multimode fibre is the most basic of the fibre designs which will be discussed here. It is a step 
index fibre which is made up of a high index core surrounded by a cladding of a lower index. The 
diameter of the core can vary and examples of multimode fibres contain cores with diameters of, for 
example 50 and 62.5 fj.m. The diameter of the cladding is normally 125 ^m.
Multimode step index fibres may be fabricated from either multi-component glass compounds or 
doped silica. These fibres can have reasonably large core diameters and large numerical apertures to 
facilitate efficient coupling to incoherent light sources such as light emitting diodes, (LED's). The 
performance characteristics of this fibre type may vary considerably depending on the materials used 
and the method of preparation; the doped silica fibres exhibit the best performance.
Structure:
Core diameter 50-400 /zm
Cladding diameter 125-500
Buffer jacket diameter 250-1000
Numerical aperture 0.16-0.5'
1 See chapter 3 for definition of numerical aperture.
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Performance Characteristics:
Attenuation: 4-50 dB/km limited by absorption or scattering. The wide variation in attenuation is 
due to the large differences both within and between the two overall preparation 
methods.
Bandwidth: 6-25 MHz.km
Applications: These fibres are best suited for short haul, limited bandwidth and relatively low cost 
applications.
2.2.2.2 Single Mode Fibres
Single mode fibres can have either a step index or graded index profile. However, the benefits of 
using a graded index profile are less significant than in the case of multimode fibres2. Therefore at 
present commercially available single mode fibres are almost exclusively step index. They are high 
quality fibres for wide band, long haul transmission and are generally fabricated from doped silica, 
(silica clad silica), for minimum attenuation. Although single mode fibres have small core diameters 
to allow single mode propagation, the cladding diameter must be at least ten times the core diameter 
to avoid losses from the evanescent field3 . Hence with a buffer jacket to provide protection and 
strength, single mode fibres have similar overall diameters to multimode fibres.
2 Graded index fibres are intended to speed up the high order light modes, hence there is no 
advantage with monomode, which transmits no higher order modes.
3 The evanescent field is the portion of transmitted light power carried outside the fibre core.
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0.08-0.15, usually around 0.10
2.2.2.3 Multimode Graded Index Fibres
Multimode fibres which have a graded index profile may be fabricated using multi-component glasses 
or doped silica. However, they tend to be manufactured from materials with higher purity than the 
majority of multimode step index fibres in order to reduce fibre attenuation.
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Eg 2A lypical Sltuctuia toe a .Glass Multiroode Dfiubla C.oate_d Graded Index Fibre.
Structure:
Core diameter 30-60 /zm, (a standard of 50 /*m has been established for 
telecommunications applications).
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Cladding diameter 100-150 jun, (a standard of 125 /xm has been established for
telecommunications applications). 
Buffer jacket diameter 250-1000 jim 
Numerical aperture 0.2-0.3
Performance Characteristics:
Attenuation: 2-10 dB/km, generally limited by scattering.
Bandwidth: 150 Mhz.km to 2 GHz.km
Applications: These fibres are best suited for medium haul, medium to high bandwidth applications
using incoherent and coherent multi mode sources, (ie. LED's and injection lasers
respectively).
It is useful to note that there are a number of partially graded index fibres commercially available. 
These fibres generally exhibit slightly better performance characteristics than corresponding 
multimode step index fibres but are somewhat inferior to the fully graded index fibres described 
above.
2.2.2.4 Plastic Clad Fibres
Plastic clad fibres have high levels of attenuation and are therefore normally multimode with either 
a step index or a graded index profile. They have a plastic cladding, (often a silicone rubber), and 
a glass core which is frequently silica, (ie. plastic clad silica-PCS fibres). The PCS fibres exhibit 
lower radiation induced losses than silica clad silica fibres and therefore, have an improved 
performance in certain environments. Plastic clad fibres are generally slightly cheaper than the
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corresponding glass fibres, but usually have more limited performance characteristics. A typical 
structure for a step index plastic clad fibre, (which is more common), is shown in Fig 2.5.
Structure:
Core diameter Step index 100-500
Graded index 50-100 /-on
Cladding diameter Step index 100-500
Graded index 50-100 /i
Buffer jacket diameter Step index 500-1000
Graded index 250-1000
Numerical aperture Step index 0.2-0.5
Graded index 0.2-0.3
Performance Characteristics:
Attenuation: Step index 5-50 dB/km
Graded index 4-15 dB/km
2.2.2.5 All Plastic Fibre
All plastic fibres are exclusively of the multimode step index type with large core and cladding 
diameters because of the additional ruggedness of this design. There is therefore a reduced 
requirement for a buffer jacket for fibre protection and strengthening. These fibres are cheap to 
produce and are easier to handle than the corresponding glass variety. However, their performance, 
(especially for optical transmission in the infrared), is severely restricted, giving them very limited
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Buffer Jacket. 







Eg 2,5 Typical Structure for a Elastic Clad Silica MuJ.tim.Qdfi Step index
use in communication applications. All plastic fibres generally have large numerical apertures which 









Attenuation: 350-1000 Db/km, at a wavelength of 0.65 /zm.
Bandwidth: This is not usually specified as transmission is generally limited to tens of metres.
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Applications: These fibres can only be used for very short haul, (ie. in house), low cost links. 









Fig ZS. Typical Structure, tar an AH Elastic Mullirnode Step. Index
Fibre.,
2.3 Characteristics of Optical Fibres.
The fibre optic telecommunication market's continuing growth, has led to increasingly complex and 
specialised fibres being produced. Traditional parametric definitions often require re-specification, and 
new parameters defined in an attempt to adequately describe the fibres. The importance of 
measurements and hence the ability to completely classify a fibre, is demonstrated by the 
conservative estimate that 20% of the cost of fibre optic production, is taken up with measurements.
The need to classify fibre, has led to the development of a set of parameters which describe factors 
such as the quality of the fibre and its ability to transmit light. Mechanical parameters, such as those
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describing the physical strength and hardness of a fibre exist, but these have been disregarded since 
they do not, in general directly affect a fibre's transmission capabilities, and so are outside the scope 
of this text. Parameters which are listed below, assist in describing the means by which light travels 
down a fibre, and the modes of light the fibre is capable of supporting at different wavelengths.
2.3.1 Physical Characteristics
The following section deals with the parameters describing the characteristics of the fibre. While these 
parameters were not developed to describe the light within a fibre, their variation affects both the 
level of the signal and the characteristics of the transmitted mode. It will be shown that the individual 
parameters listed below will have a direct relationship, in varying degrees, with the transmission 
characteristics listed under section 2.3.2. For the purposes of this work, the physical characteristics 
have therefore been described as "primary" parameters, while the transmission characteristics have 
been termed "secondary" parameters. The possibility that a particular combination of primary 
characteristics lead to a good or bad set of secondary characteristics and the ability of the researcher 
to predict the latter from the former will be discussed in later chapters.
2.3.1.1 Cross Sectional Dimensions
The methods employed in the production of optical fibres and in the subsequent application of 
protective acrylate layers, lead to significant stress and surface tension forces. The effect of the 
combination of forces on the completed fibre package is to render its various layers both concentric 
and circular in cross section. Fig 2.7 shows the normal cross section of a single mode, step index, 
single coated fibre. (The MCVD, (Modified Chemical Vapour Deposition), process mentioned in the 
figure title is discussed in Chapter 3.
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The outside diameter of the fibre, or reference surface diameter (RSD), is so called because it is often 
used as a reference when geometric measurements are carried out. On all telecommunications fibres, 
the RSD is 125 /mi. Fibre manufactures add a substrate tube to a fibre preform to allow the RSD 
requirement to be met, while still maintaining preform length yield, a typical preform yielding up to 
40 km of usable fibre.
coating*
reference surface diameter 
2B
cladding. . depresseoX fibre \ reference 
cladding. core, refractive 
index.
Figure 2.7 Refractive Index Profile of a Step Index. SirigleinQde. Bbm wiih 
Depressed Cladding Produced by the MCVD Process.
The fibre core in Fig 2.7 is 8 /an. in diameter, which is standard for singlemode fibres. Multimode 
fibres have a core whose diameter is much larger, to allow propagation of light along the fibre by 
many differing "paths". Graded index fibres use a core whose refractive index profile is a parabolic 
curve. As explained in Chapter 2, this allows multi mode fibres to be used with higher bit rates by 
reducing dispersion, and effectively means that no clear boundary to the core exists.
In all cases, core diameter and the longitudinal consistency of that dimension, are tightly specified 
in order to ensure that the light path is not obstructed by any irregularities. As discussed above,
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several acrylic coating options exist. Most fibres are either singly or doubly coated. The implications 
of the coating options are discussed above, but for the purposes of this chapter and regardless of 
coating design, the outside diameter of the completed package is normally 250 jam, as a general 
industry standard.
A third coating option is also available, although this cannot strictly be classified as a coating in the 
same way as the primary and secondary coats are. The option is to add a tertiary coat to the fibre. 
This third coat is added on top of the 250 pm. layers of acrylic material, and increases the outside 
diameter of the fibre by an order of millimetres. This design differs from those of single or double 
coat in that when triple coated, a fibre requires no further protection and may be stranded as part of 
a cable: see "Cable Production".
2.3.1.2 Core/Reference Surface Concentricity Error.
The various cross sectional components of a fibre as described above, should automatically achieve 
concentricity due to the nature of the production process.
The concentricity error of these components is defined as "the distance y, between the core centre and 
the centre of the reference surface, divided by the core diameter and expressed as a percentage. "[2.2]
2.3.1.3 Ovality or Non Circularity.
Ovality of the fibre core.
The core non circularity is defined as the difference in length between two chords each passing 
through the fibre core centre, one chord being the longest line connecting points on the core/cladding 
interface, divided by the core diameter.
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Ovalitv nf the reference surface.
The reference surface non circularity is defined as the difference in length between two chords each 
passing through the reference surface centre, one chord being the longest line connecting points on 
the reference surface and the other chord being the shortest line connecting points on the reference 
surface, divided by the reference surface diameter.
2.3.1.4 Refractive Tndex Profiles.
Earlier sections dealt with refractive index options for multi- and mono-mode fibre, characteristics 
of each fibre type and the effect each type had upon the signal travelling within it. Later sections will 
attempt to describe the fine tuning of the basic refractive index profiles which have taken place to 
further optimise fibre performance in recent years. It falls to this section therefore, to define the 
various refractive index measurements carried out on fibres-both relative and absolute, which assist 
in the task of classifying fibres.
In order to assist with the definitions of refractive index measurement, Fig 3.1 shows a refractive 
index profile of a mono-mode, step index fibre with a depressed cladding, produced by the MCVD4 
production process.
2.3.1.5 Absolute Refractive Index Measurements.
Cladding refractive index
In a depressed cladding fibre such as that shown in Fig 3.1, the cladding refractive index is the
refractive index of that portion of the cladding which has the higher refractive index. In MCVD
4 The MCVD, (modified chemical vapour deposition), method of fibre production is discussed 
in Chapter 3.
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processes, (see Chapter 3), this is the substrate tube section of fibre outside the deposited layers. In 
Fig 3.1, the index is shown as the index n,, above the datum line n0-which is the refractive index for 
air.
Depressed cladding refractive index.
The refractive index of the section of cladding closest to the fibre core, can be intentionally depressed 
with respect to the index of the outer cladding layers as a means of modifying fibre performance, (see 
Chapter 3). Fig 2.7 shows the depressed cladding index as the dimension n3 . In the MCVD process, 
this is done merely by reducing the refractive index of the deposited layers of cladding.
Core refractive index.
The refractive index of the highest part of the fibre core, (ignoring the dip at the core's centre which 
is a feature of fibres produced by the MCVD production process-see Chapter 4), is shown in Fig 3.1, 
as being n4 .
Dip refractive index.
The refractive index of the dip at the centre of the core can only be measured in fibres whose 
production process produce the dip such as the MCVD process, (see Chapter 4). The dip refractive 
index in Fig 3.1, is shown as being n2 .
2.3.1.6 Relative Retractive Index Measurements.
Cladding depression.
The reasons for depressing a section of the inner cladding are described in Chapter 6. The numerical
value for cladding depression is taken to be:
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n3 - n4
so that if a depression in the cladding exists, its descriptive value is always negative.
Relative height of core, or AN.
Two definitions of relative core refractive index are in existence although of the two shown below,
the latter is more commonly used.
Definition 1:
AN = H! - n3
2.1 
Definition 2:




The dip size is given as a difference:
6n = nt - n2
2.3
2.3.1.6 B/A Ratio.
The B/A ratio is the ratio of deposited core radius to deposited cladding radius. Chapter 4 describes 
how the MCVD process deposits layers of glass inside a substrate tube, starting with inner cladding 
layers and ending with the fibre core. The change from cladding to core glass is made simply by
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changing the relative levels of the reactant chemicals entering the production process to affect a 
change in refractive index level. By delaying or advancing the moment at which the change in the 
chemical ratio is made, the position of the core/cladding interface within the fibre can be made closer 
or more distant to the fibre centre. The ratio of thickness of core to deposited cladding glass may 
therefore be controlled.
The B/A ratio can be used to closely control the level of cut off wavelength. The advantages of such 
control are described in Section 3.3.1 below. Because the deposited layers of glass are much more 
pure than the substrate tube, light travelling in the tube is attenuated much more quickly than that 
within the deposited layers. The LPU light mode, [2.6] will be greatly effected by this ratio. If the 
B/A ratio is raised, the amount of deposited cladding will be increased and so the LPU mode will 
move through very pure deposited layers which will tend to reduce its attenuation per Km. thus 
raising the cut off wavelength. Lowering the B/A ratio, will reduce the amount of deposited cladding 
and thus force more of the LPn mode to travel in the substrate tube. This has the effect of raising the 
attenuation of the mode, in effect lowering the cut off wavelength.
The importance of close control of the cut off wavelength is discussed below. The importance of the 
B/A ratio as a control parameter is apparent.
2.3.2 Transmission Based Parameter Definitions.
As discussed above, "secondary" characteristics are most often a measure of the effects on 
transmission properties of the levels and variations of the primary characteristics. Primary 
characteristics can be viewed as having been set at levels to produce certain performances in fibres: 
the secondary parameters measure the success of the primary set in meeting this objective, and of the 
consistency with which the objective is met.
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While other "secondary" parameters exist, those described here were seen to be most important in 
the classification of fibres, and in the work of the associate.
2.5.2.1 Cut-Off Wavelength OiV
All fibres are capable of transmitting light via multiple modes. Modal "leakage" from fibres increases 
with light wavelength, reducing its capacity to transmit power. One definition of cut-off wavelength, 
is that it is the wavelength of transmitted light, above which single mode fibre is capable of 
transmitting only the fundamental transverse mode (HE U or LP0i), which has no cut-off wavelength. 
The fundamental mode theoretically travels coaxially with the core of the fibre. All modes of higher 
order than this are cut off, or have attenuations high enough to prevent them form becoming guided 
modes for X > Xc .
This simple definition is not sufficient to describe cut off wavelength. Higher order modes can have 
large attenuations at wavelengths much below the theoretical value of cut of. It is therefore taken that 
the "effective" cut off wavelength is defined as the wavelength at which second order modal power 
is below a given level compared to the fundamental LP01 mode power. The cut off wavelength 
therefore depends upon fibre length and curvature: a fact borne out by the problems of the fibre 
industry in defining the test conditions.
Generally, X0 in a cabled fibre is less than that in a bare fibre, which in turn is less than the 
theoretical Xc . The standard test condition is currently specified as being 2m; and the standard 





Fibre Core. \ Fibre
Cladding.
Figure 2.8 Sectional View of Meridional Rays Travelling Along a 
Multimode Fibre with No Cladding Depression.
2.3.2.2 Numerical Aperture.
For a step index fibre, all rays of light incident on the core at angles less than the acceptance angle, 
0m, are trapped within the core. Two possible paths for the light being transmitted by the fibre are 
shown in Fig 2.8.
The law of refraction suggests that the largest possible mode angle is 0e , where:
cos 0, = n.
but,






sin 6m = n, sin 6C = n/(l-cos2 9c)
2.6
sin 6m = n/(ni2-n42)
2.7
Numerical aperture, the maximum acceptance angle for light entering a multimode fibre, is:
NA = sin9m =V(n,2-n42)
2.8
but,






For a given system, a trade-off must be made between short and long length losses. For very short 
cables, the end losses make the dominant contribution to the total insertion loss, whereas for very long 
cables, attenuation losses dominate. Thus, for some short-distance applications with large area 
sources, it is advantageous to use large numerical aperture, large core fibres (or even a number of 
such fibres in parallel as is the case for endoscopes), for long cables, small core, lower numerical 
aperture fibres are best (see 2.2.1., mono-mode fibres).
The following is an example of a numerical aperture calculation-for use in 2.3.2.3. below.
AN = (n^Xni+jLl « (BidlJ (if "i ~ "2) 
n, 2 n t
2.11 
Typically, AN = 0.01, n! ~ 1.5. Therefore,
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NA (numerical aperture) = 0.2s
"V" Number or Normalised Waveguide W
The V number is defined as the percentage of energy contained within the core of a fibre, compared 
to the total energy within the fibre.
V = 2Tra\/(nf-n^ = 2Tra(NA >) [2 3] 
X X
2.12
(a = radius of core)
(X = wavelength of signal light)
It may be shown [2.3], that the number of possible modes which a fibre is capable of transmitting, 




When X is not very much greater than a, the ray theory is no longer valid. An exact analysis using 
Maxwell's equations shows that if:
V = 27rarNA) < 2.405
X
2.14
then only one mode, the LP01 , can exist. That is the fibre begins acting as a single mode fibre, when 
the V number drops below 2.405.
5 Equates to 9m , or a cone of acceptance with included angle 29m =23.07°.
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2.3.2.4 Mode Field Diameter.
Mode field diameter is the width of the fundamental mode, guided by a single mode fibre above its 
cut off wavelength. It is commonly taken to be the diameter of the 2A/e point of the optical power. 
MFD is, in principle a very useful parameter, as it allows the prediction of splicing losses, and has 
an effect on microbend sensitivity. The wavelength dependence of the MFD, allows prediction of 
bending losses, and of waveguide dispersion (see 6.2.2.).
It has been said "MFD appears to be a parameter in turmoil. Its importance is well understood, but 
no consensus on its fundamental definition, or measurement method has yet emerged. Several 
measurement techniques and definitions have been proposed during the past few years. None of these 
methods is universally accepted as a reference test method, nor is any method more or less 
fundamentally correct than the others".
The degree of consistency between the different techniques is a direct result of the choice of a 
definition for the MFD.
Gaussian definition of
The Gaussian approximation, as produced by Marcuse [2. 4], [2. 5], and illustrated in Fig 2.9, so 
widely used for the first generation of single mode fibres, is now severely questioned. Small 
systematic errors result for even quasistep index fibres when the Gaussian approximation is used, 
especially at longer wavelengths. Also, the second generation fibres with non-step refractive indices, 
for dispersion shifting and dispersion flattening, do not exhibit Gaussian fields at any wavelength.
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Schematic of fibre regractive index. 
Light power distribution.
Figure 2J3 Gaussian Approximation to the Mode Power Distribution.
Petermann definition of MFD.
An alternative definition of MFD, based on the moments of the near field, which is called the 
Petermann 2 definition. This approximation can, in theory, solve problems of consistency, and reduce 
the systematic errors [2.7]. The primary difference with respect to the Gaussian definition, is that the 
Petermann definition uses the measured field directly, making no assumption about the shape of the 
field. This distinction, has caused the Petermann 2 definition to become more widely accepted.
2.3.2.5 Bandwidth.
Bandwidth is a measure of the information carrying capacity of a transmission medium. Bandwidth 
gives the threshold of bit rate, that is the number of data pulses per second, at which the transmitted 
power drops byu half. Bandwidth is expressed in MHz, but is often quoted in MBit/sec., using an 
approximation that 1 MHz = 2 MBit/sec.
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Bandwidth is length dependent, because of the length dependent nature of the mechanisms which limit 
it. Therefore when a specific length of transmission media is not being addressed and generalisations 
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CHAPTER 3.0. 
Methods of Fibre Production.
3.1 Introduction
The advantages of optical fibres over other signal transmission media, lie in two areas: the first is that 
fibres attenuate signals passing through them only very slightly; the second is that compared to 
alternative transmission systems, they exhibit an extremely wide bandwidth.
The requirements of high quality optical fibres are:
i) near perfect cross-sectional geometry, both for circularity and concentricity and consistency
of the cross-sectional dimensions along the fibre length; 
ii) high strength, durability and good flexibility; 
iii) lowest possible cost; 
iv) long, continuous lengths of fibre, 
v) high dielectric purity.
The last point is particularly important, since if it were not possible, the task of processing fibres 
would become much more difficult. In order to make the fibre industry more profitable, flow methods 
of production and economies of scale are used to minimise costs. Should the production lengths of 
fibre drop, the cost and difficulty in selling and producing fibres increases.
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Fibre Production Processes
Two methods are available for producing optical fibres. Optical fibre can be drawn from molten glass. 
Surface tensions active in the material induce in it a near perfect cylindrical geometry which on 
hardening, is retained. Cross sectional consistency, along the length of the fibre can be assured by 
maintaining a constant ratio of rate of drawing to mass flow rate.
A second alternative for producing fibre is to stretch a glass rod of large dimension until it has 
attained a pre-defmed geometry. Production is in two stages, the first is to produce the glass rod, the 
second is to stretch it to the required dimensions. The two areas of production involved in this method 
are dealt with in detail separately below. This method is most frequently used where a fibre has a 
core/cladding arrangement within it, although fibres with geometries other than circular can also be 
produced. In the latter case, the degree of heating is critical. The more softening of a glass rod which 
takes place, (the less viscous the glass melt), the more significant the forces of surface tension 
become. A less viscous softened glass produces a fibre more circular than a more viscous 
one-regardless of preform shape. As stated above, consistent drawing maintains the cross-sectional 
consistency of the fibre and in the same way, maintains the dimensional ratios of core to cladding 
from the preform.
Fibre may therefore be produced by drawing molten glass from crucibles or by stretching rods known 
as preforms down to the required sizes. While the former method is theoretically capable of producing 
fibres able to meet all of the requirements listed above, the latter method based on the chemical 
vapour deposition process, provides the better solution. The advantage of the chemical vapour 
deposition method is that it allows the in-situ purification of the constituent glass materials. By 
continually purifying the glass as it is produced, a high purity product is possible without 
contamination. This is unfortunately not the case with the former molten glass based system.
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3.2.1 Molten Glass Methods
These involve pulling a thin strand of glass from a molten pool. It can be carried out in one of two 
ways: either it is drawn upwards from the top of a crucible full of the molten liquid, or it is allowed 
to flow out through a nozzle located at the crucible bottom. The two processes are known as upward 
and downward drawing respectively.
Requirements to ensure product quality are difficult to achieve with this method. Requirements are:
i) glasses used must be produced in bulk with a high degree of purity, and must remain
contamination-free throughout the pulling process;
ii) the transition temperatures of the core and cladding glasses, (if both are to be present), are
compatible in order to minimise stresses and unbalanced shrinkage on solidification;
iii) the viscosities of the two glasses must be compatible;
iv) a uniform fibre drawing rate is necessary, as discussed above.
The last point can be especially difficult to achieve with this method, as the levels of glass contained 
in the crucibles are constantly changing and hence effecting the pressure within the crucibles.
The first two of these points require constituent materials for the glass which are of high purity. The 
materials then have to be handled, mixed and processed without contamination. This can prove almost 
impossible since contamination can come from the crucible insulating material, the heating element 
used, the stirrer for the fluid, or even from the crucible walls themselves. The nature of the process 
means that no self purification action is present and because of this, contamination can occur at almost 
every stage of production.
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The silica based materials from which the glass handling equipment is made, mean that if the glass 
melt temperature approaches the softening point of fused silica, the problem of contamination will 
become severe. It is therefore essential that not only are the materials for handling the glass chosen 
carefully but also that the type of glass produced by this process is carefully selected. Even with 
optimum choices of handling materials, the only glasses which the process can produce are 
borosilicate glasses which have low melting points and can be made with reasonable purity.
The main advantages of this method are:
i) the high quality of the core/cladding interface within the finished fibre, (the liquid to liquid 
contact during processing produces a perfect inter-surface, even though diffusion of high mobility ions 
(such as OH") will take place (the result is only that a graded refractive index interface is produced)); 
ii) fibre can be produced continuously in large quantities. This obviously matches the 
requirement stated in 3.1, and will mean that economies of scale can be applied to the process.
The best attenuation figure for a fibre produced in this way is 5 dB/km at 850 nm. 
3.2.2 Preform Based Methods. 
3.2.2.1 Rod and Tuhe Technique.
This method is used where a step index fibre is to be produced. A glass rod which will become the 
fibre core is inserted into a tube which becomes the cladding of the fibre. The pressure in the gap 
between rod and tube is then reduced and by applying heat to the assembly, and the tube is collapsed 
onto the rod. The solid rod produced in this manner is then heated and drawn as described in section 
3.3.
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This method is an alternative to the one in section 3.2.1, but was developed in the same fashion and 
so has all of the same pit-falls. Like the molten glass method, pure glass has to be produced in large 
quantities and kept pure throughout handling and processing. The rod and tube method introduces 
additional difficulties because the collapsed gap between the core and the cladding records all 
imperfections and contaminations of the rod surface and the inside wall of the tube.
The rod and tube method was used in early fibre production. Today it is used to increase the thickness 
of the cladding on the outside of fibres. The imperfections introduced by the method in this case are 
not as critical as before, since the extra level of cladding is less important than the main core/cladding 
interface region. Adopting this method increases the yield from preforms produced by other 
processes.
3.2.2.2 Chemical Vapour Deposition.
The techniques discussed above cannot produce the very pure high silica fibres because of purification 
problems and the high processing temperatures required. A silica fibre requires temperatures of 1500- 
2000 °C which is far too high for the crucibles used for containing the molten glass.
The development of the optical based telecommunications industry was hampered because of the 
inability to process silica, hence preventing production of glass of superior purity. The inability of 
the high attenuation glass to transmit signals efficiently slowed the development of the optical end 
technologies. Eventually, the technique of Chemical Vapour Deposition was adapted for use by the 
fibre optic industry. Prior to its adoption by the fibre optic industry, the method had been used for 
coating semi-conductor devices with Si02 .
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The technique of chemical vapour deposition, uses a system of graduated temperature processing to 
produce the required high silica fibre. That is:
i) Glass forming 800 °C.
ii) Fusing 1500 °C.
iii) Collapsing 1900 °C.
iv) Drawing 2100°C.
The key to the production system lies in the fact that vaporisable SiCl4 can be decomposed in O2 to 
form SiCl, in a plasma1 . The reaction contains no water and so does not introduce migratory OH' 




an oxidation process, which is highly exothermic occurs at approximately 800 °C.
The CVD process deposits Si02 in a vitreous state, onto the outside surface of a rotating pedestal and 
fused in place by the plasma. As the process proceeds, the SiCX grows to form a cylindrical boule as 
the pedestal slowly retreats. Boules can easily be produced which are tens of centimetres long and 
several centimetres in diameter.
1 A plasma is a gas containing approximately equal quantities of positive ions and free electrons.
Page 3.6.
The CVD technique eventually evolved into three successful techniques for producing silica low loss 
fibre capable of fulfilling all prerequisites listed in 4.1. These techniques are now addressed separately 
below.
Modified chemical vapour deposition (MCVD1.
The process of oxidising halides in quartz or SiO2 tubes is known as "inside" processing or modified 
chemical vapour deposition (MCVD). As is normal with chemical vapour deposition processes, the 
constituent materials used to produce the required glass are liquid halides. The principle halides used 
are: SiCl4 (the main glass constituent material); phosphorous in the form of POC13 ; and Bromide in 
the form of BBr3 .
Storage of the materials is in all glass, or all stainless steel containers. When stainless steel containers 
are used, all water has to be removed in order to avoid contamination of the process.
Oxygen is blown through the halides to provide a carrier, and the saturated vapour produced delivered 
to the reaction chamber. Mass flow controllers regulate the constituent flow: they monitor the quantity 
of material entering the reaction chamber, rather than the flow rate of the oxygen carrier gas so that 
a change in oxygen volume flow rate will not necessarily corrupt the process.
Saturation of the oxygen by the constituent materials is essential: this makes the method of bubbling 
the oxygen through the halide and conveyance of gases critical. The containment vessels are designed 
to hold large volumes of liquid, and the oxygen is bubbled through from near the bottom. The 
container vessel is kept at a constant temperature and the exit pipes are kept free of condensate.
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The whole material delivery system on an inside deposition process, is programmed to deliver the 
necessary materials in gaseous form to the reaction zone. The quartz tube containing the reaction zone 
is heated externally by flame, or internally by plasma. If external heating is used, it is essential that 
the quartz tube be of uniform cross-section, and longitudinal straightness. If either of these conditions 
do not apply, the temperature across the reaction zone may not be constant. Variation of these factors, 
will have a direct effect the geometry of the finished fibre. A significant variation in the reaction 
zone temperature or the tube geometry, may lead to the fibre being incapable of meeting the 
performance requirements.
During processing, the tube is mounted on a lathe bed and rotated. A Rotatable sealed joint fixed at 
the end of the tube, allows the reactants to be introduced to the inside of the tube. Fig 3.1 shows a 
schematic representation of the process.
For the external heat process, an oxohydrogen flame is used to increase the zone temperature to a 
constant value of 1800 °C. The lathe traverses the flame along the tube from input to exhaust end 
gradually moving the reaction zone. During production, many passes of the flame over the tube are 
made.
In the hot zone, halides oxidise to SiO2 and Ge(X The final glass composition is therefore a function 
of the relative percentages of constituent gasses and the temperature applied by the flame. The 
material resulting from the reaction forms a soot which is carried downstream past the hot zone. 
Thermo-phoretic forces cause the soot to be deposited to the inner surface of the tube. A percentage 
of the soot is not deposited and passes out of the quartz tube as part of the process exhaust. As the 
flame moves along the tube towards the exit end, it vitrifies the deposited soot into a layer of glass.
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Figure 3J. A Schemtic Diagram of Preform Manufacture using Internal 
Chemical Vapour Deposition.
The process effectively reduces the inside diameter of the quartz tube. The decreasing inside radius 
progressively hampers the flow of reactant gasses before finally stopping it completely.
When gasses finally stop, a small void is always left at the centre of the core of the preform. The last 
stage of the MCVD process is therefore to heat the tube and the deposited cladding to a high 
temperature. Under these conditions, the surface tension forces acting in the semi-molten tube cause 
it to collapse and close up the centre void. The deposited material is therefore the core and cladding 
of a preform tube which is supported within the quartz tube. The process never completely collapses 
the central void and all MCVD fibres have a region at the centre of the core with low refractive index 
caused by the lower density glass at that point. The characteristic shape of the MCVD fibre refractive 
index profile is shown in Fig 3.2. An alternative MCVD produced profile with depressed cladding 
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Figure 3,2 Refractive Index Profile of Fibre Produced by the MCVD 
Process with Nominally Matched Cladding.
Outside vapour deposition (OVD).
Outside deposition processes function by depositing soot particles over mandrels of quartz or graphite. 
The glass constituent materials (in a vapour form), are produced using processing equipment the same 
as that described for MCVD processes. The difference between the two methods of producing 
preforms is in the manner of applying the heat to the process.
In OVD processes, glass constituent materials are fed through a tube concentric to an oxohydrogen 
coaxial torch (see Fig 3.4). The arrangement allows the reagents to be fed to the hot zone where 
oxidation takes place and soot of desirable particle size is produced. The soot is sprayed onto the 
mandrel and after many passes of the burner, a soot preform is produced. In addition to producing 
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Figure 3.3 Refractive Index Profile of Fibre Produced by the 
MCVD Process with Depressed Cladding.
On completion of the forming part of the operation, the mandrel is withdrawn. The soot preform is 
dehydrated, sintered and collapsed into a preform rod. Dehydration of the preform is necessary, since 
the process of SiO2 formation is one of hydrolysis. Because the soot is porous, dehydration can be 
simply carried out by heating it in Cl; gas. The reaction which takes place is:
Cl, 4- H,0 - 2HC1 +
3.2
The HC1 gas produced is carried away in vapour form leaving the soot preform dehydrated.
The next operation to be carried out on the preform is sintering. During the sinter, the soot particles 
consolidate to form clear glass. The density of the porous solid means that during the sintering 
operation, the linear dimensions shrink by a factor of 2. This effect is taken into account when
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Figure 3,4 Schematic of Outside Vapour Deposition Production
Process.
Plasma Tgrsh as Used for the Preparation of Vitreous Silica or High Silica Glasses.
designing the preform to produce fibre of a certain dimension.
The advantage of the outside process is that it can be scaled up easily. Multiple torches and larger 
mandrels allow very high deposition rates to be achieved.
Residual stress in the material must be carefully controlled so that its residual stress can be evenly 
distributed so that successful sintering without preform rupture can be completed. Fig 3.5 shows the 
characteristic refractive index profile of a fibre produced by the OVD process.
Vapour axial deposition (VAD).
A process which uses no mandrel is referred to as a vapour axial deposition process. Deposition takes 
place on a withdrawing platform and the deposited material forms a lengthening boule. By arranging 
the torch position in relation to the boule centre, a graded index fibre core can be made. The soot
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boule is dehydrated and sintered as in the previous case. One difference is that the VAD process has 
no mandrel to be withdrawn. Another difference is in the control of the material deposited. The 
thermal profile of the soot boule and the flow of the incoming soot control the composition of the 
deposited material, even though the incoming soot formed by homogeneous reaction, would have a 
uniform composition. The advantage of the VAD technique is the possibility of making long preforms 
that can even be in a continuous form if dehydration and sintering can be carried out in tandem.
The resultant preforms produced by the outside deposition processes can be a complete composite 
fibre preform or a core rod with a relatively thin cladding. By sleeving the core with a quartz tube, 
a much larger preform is achieved. This application of sleeving is a development of the rod in tube 
fibre making technique discussed in 4.2.2. The techniques for high silica fibre fabrication all result 
in the formation of a preform which must be reduced to a suitable size for final fibre drawing. This 
can be done by re-drawing of the preform. Tailoring of a final preform dimension to the required 
final fibre outer diameter and core diameter can be performed at this stage.
The characteristic refractive index profile of fibre produced by this method is shown in Fig 3.5. 
3.3 Fibre Drawing.
The sections above discuss the methodology developed for producing fibre preforms. The final stage 
of production which converts the preform into a fibre complete with single or multiple layers of 
protective coating is that of drawing. Fig 3.6 is a schematic diagram of a pulling tower on which fibre 
preforms are drawn down to final size and primary layer(s) of coating are applied.
Preforms are drawn into fibres by a pulling process. Fibres are orientated vertically and sections 
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"stretched" away from the preform down to the final fibre diameter. A fibre drawing apparatus 
consists of a furnace, rod feed mechanism and fibre pulling mechanism.
Draw down ratio2 dictates the feed and pulling rates. The furnace heating zone is profiled to provide 
a neck down region for the fibre. The furnace is suitable for balancing the viscous and surface tension 
forces until uniform size reduction is achieved without instabilities. Fig 3.8 shows a schematic 
sectional representation of a zirconium induction furnace. A direct heating graphite furnace is also 
available.
The mechanical stability of the system and the gas flow, effects the stability of fibre drawing. This 
is particularly true in the neck down region where viscosity can change rapidly. Mechanical damage 
caused by particles from the furnace hitting the fibre in the hot zone is prevented by passing gas in
2 Draw down ratio is the ratio of the diameter of the fluid fibre before and after drawing, during which 
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a steady flow through the hot zone; this preventative design also results in good dimensional stability.
In fibre drawing equipment, the freshly drawn fibre is uniformly protected by a coating which offers 
mechanical protection. The characteristics of the material are chosen so that it may be readily cured 
without appreciable changes in dimension, with good abrasion resistance with the desired hardness, 
and the ability to retain flexibility over a wide temperature range.
The coater must be properly designed for high velocity coating to avoid cavitation and turbulence. 
Coating at over 10 m/s can be achieved with some coating materials. In general, the fibre tends to 
self centre. The restoration forces however, are small so that mechanical alignment of preform and 
coater nozzle is essential and must be controlled.
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For high speed draw, the fibre must be force cooled so that it can enter the coater at a low enough 
temperature. Line fibre diameter and concentricity measurements are needed and can be provided by 
illuminating the fibre transversely and observing the refracted and diffracted rays. The technique 
allows a feedback control loop to be established, which allows coating concentricity and fibre outside 
diameter to be kept within a tight tolerance of 1-3 %.
Technical Improvements in Fibre Production.
Since the 1960's the transparency of glass has been increased 10,000 fold by the refinement technique 
for producing pure silicon dioxide. It was this technique that made long haul optical fibres possible. 
Silica based glasses are now standard in fibre optic telecommunications, reaching their limit of 
transparency by 1979.
A second generation is now emerging, consisting of materials that transmit infrared light at longer 
wavelengths. Such fibres belong to three classes of materials: the halide-containing crystals, the 
chalco-genide glasses and the heavy-metal fluoride glasses. These infrared optical materials promise 
greater transparencies than those feasible with silica fibres, and they are being tested for many new 
applications.
To attain this goal and to develop new short-distance fibre technologies, examinations of numerous 
glasses and crystals that are transparent in the infrared range have been carried out. Consideration of 
the basic structure and inter-atomic forces that guide and attenuate light through a fibre have shown 
the halide containing crystals, the chalco-genide glasses and the heavy-metal fluoride glasses to be the 
most practical candidates.
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Technology has advanced to the point where fibres can be produced which are resistant to the intrinsic 
losses of scattering and absorption, (discussed in later chapters). There is difficulty however, 
producing these fibres so that they are resistant to extrinsic modes of loss such as microbending. The 
fibres will tend to be excellent in the theoretical case, but of limited application in practical cabling. 
Until these problems can be overcome, the cabling industry will be unable to utilize these high 
performance fibres, although the possibilities in this field remain enticing.
A problem which requires constant attention in cabling design is that of water penetration or 
hydroxide ion migration to the fibre. The first can lead to flooding of cables and eventually cable 
junctions, (see Chapter 4), the latter will cause high signal attenuations in cabled fibres as the 
migration of hydroxide to the silica of the fibre leads to increased opacity.
In order to make the optical fibre more resistant to the effects of water contamination, various fibre 
coatings have been developed. A coating which currently excites much interest is that of coating the 
fibre hermetically for increased water resistance.
The potential in this area allows development fibres for use in more harsh environments such as under 
water. In environments such as these, mechanical as well as hermetic strength is required. The design 
concept is to protect the optical fibre with a metal tube. The tube is intended to protect the fibre from 
moisture, hydrogen, lateral pressure and tensile force.
Much work has been carried out on thin hermetic coatings [3.1], (both metallic and non-metallic). 
A problem exists in that thick metal coatings are difficult to apply on top of buffered optical fibre in 
a single process, and the buffering layer cannot be removed because the mechanical and transmission 
characteristics of silica fibre depend upon it. The buffer material provides a "last defence" against 
damage and must also be protected from harsh environments.
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Techniques have been developed which allow both the application of a metal jacket to a fibre's buffer 
surface and of a fibre reinforced metal jacket. The jackets induce no attenuation increment due to 
microbending from jacket shrinkage or from temperature induced stresses and offer exceptional 
resistance to mechanical damage.
3.5 The Cabling Process.
The improving performance of fibres in the telecommunications network, while being primarily due 
to the technological advances in fibres, should also be acknowledged as having been due to advances 
in cabling technologies.
Improvements have been made in the areas of materials, design and machinery, and it is to this 
important area of fibre telecommunications technology that the next chapter is directed.
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CHAPTER 4.0. 
The Cable Production Process.
4J. Introduction
Installation of cables in ducts, directly into the ground and on telephone poles is carried out routinely. 
In addition, cables are under development capable of withstanding the rigours of battlefield use and 
installation from helicopters. This level of mechanical performance in fibre handling and installation 
is possible because of the success of a concerted effort by industry to overcome problems with cabling 
induced attenuation and fibre damage.
In relation to their size and mass, optical fibres have a potential strength which is proportionally very 
high. In the real situation however, abrasion and water attack can seriously reduce the strength of 
unprotected fibres and improper cabling can cause bends in the fibre which significantly increase 
attenuation. Plastic coating techniques have been developed to preserve fibre strength and to inhibit 
cabling induced attenuation, and cabling designs and methods are in existence which allow plastic 
coated fibres to be incorporated into foldable cables with little or no cabling induced attenuation.
It is therefore the aim of Chapter 4, to describe the various layers of protection developed for 
application to a fibre which enhance its resilience and therefore prolong its life. It is intended that in 
addition to the alternatives for protecting fibre, the problems with cabling and installing fibre will be 
addressed, and solution of these problems described.
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iil Primary Coatings.
During production of a fibre, great care is taken to ensure that contaminants are kept away from both 
the fibre and the drawing "hot zone". If the process is successful, it produces a fibre whose surface 
is perfect. After cooling and hardening, the surface of a fibre remains vulnerable to the action of 
contaminants and so as soon as is possible, (immediately the fibre is solid, and before it has been 
wound onto a take up drum), it is protected using plastic or resin coatings. One or a number of 
"primary" coats are applied to a fibre, their total outside diameter never exceeding 250/*m.
The surface protection of a fibre, and fibre strength are closely linked. The mechanical characteristics 
of fibres have been the subject of intensive studies, as tough practical requirements for fibre strength 
and durability are needed for different applications. Glass is a special solid with a linear stress-strain 
relationship holding theoretically up to 20% elongation. The malleability is zero and an uncorrupted 
glass surface, where imperfections and defects have not weakened it, allows high strain breaks where 
the glass fractures as a brittle solid: the break traceable to the rupture of the Si-O-Si bond. For glass 
with flaws in the form of cracks due to contaminants, the mechanical characteristics are very 
different. In this case, the failure of the fibre is governed by the stress at the crack tip. If the 
environment is corrosive, ie. it can react with glass, the crack will propagate even if the tip stress is 
well below the bend fracture stress. This increase in crack size and corresponding decrease in 
remaining intact fibre area, leads the crack tip stress to increase and hence accelerate the crack 
propagation speed. When the tip stress reaches fracture stress, catastrophic failure takes place and the 
fibre undergoes "fast" failure. The strain based fatigue described here and originating due to 
contaminating particles, can be prevented by "clean" practices and the prompt application of primary 
coatings immediately after drawing.
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In addition to fibre mechanical failure, the presence of contaminants can also lead to absorption based 
fibre attenuation losses. As discussed in section 4.6.2^ the prevention of hydroxyl ion based 
absorption losses are the main attenuation problem facing fibre technologists. Application of the 
primary coats go some way to alleviating the problem, ions which would otherwise mean the diffusion 
into the fibre of the OH" ions and an increase in attenuation. Problems can arise when badly selected 
coatings actually generate OH' during their cure augmenting rather than solving the problem.
In addition to providing the barrier layer(s) necessary for prolonged fibre performance maintenance, 
the primary coat has a second function: it provides a "last defence" for the fibre against mechanical 
effects such as sharp objects or microbending it might encounter when installed. It makes the fibre 
more robust, which is an essential factor if the fibre is to negotiate the rigours of the production 
process successfully.
Thus, it can be seen that the successful application of primary coats to the fibre are essential for its 
performance. The application of primary coats also, unfortunately constitutes a significant engineering 




iii) strippable, (for jointing and terminating purposes),
iv) contain no abrasive material,
v) sometimes be of higher refractive index than the cladding 1 .
1 Design specifications require that in fibres, any cladding modes be "stripped" out of a fibre within 
the first few metres of its length. In single mode fibre, this is done to prevent interference due to the bonding 
of the cladding modes to the core modes within the fibre. The most simple way to strip off cladding modes is 
to raise the refractive index of the coat. In this situation, on coming into contact with the fibre coating interface, 
li«ht is refracted away from the core and out of the fibre. Cladding designed to carry out this function is known
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Processibility of the fibre is another significant aspect in the primary coating technology. The primary 
coating process is part of the drawing process and as such, must be closely controlled because of the 
flow nature of the latter. Requirements for a primary coating material are that its viscosity should be 
reasonable so that a suitable applicator can be designed; the material should be heat or ultra-violet 
curable, and contain no solvent; and the rate of cure should be great enough to ensure that between 
application and being wound onto a take-up bobbin with a fibre, complete cure has taken place. 
Obviously the choice of material is not arbitrary.
The largest degree of freedom available to design engineers with regard to primary coats, is the 
number of layers which are applied. STC currently apply a single coat to their fibres intended for use 
in loose tube and open channel applications, (discussed below). The dimensions of a single mode 
singly primary acrylate coated fibre are as follows:
i) diameter of fibre core- 8/zm,
ii) fibre cladding- 125^m,
iii) acrylate coating- 250/xm.
The fibre coating is drawn onto a cooled fibre as discussed above and cured as required before the 
completed package is wound onto the first take-up drum. The dimensions of this type of fibre are 
shown in Fig 4.1.
A second option is to doubly coat fibres. The differences between single and double primary coatings 
are discussed below.
as "mode stripping cladding".
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Primary Acrylate Coaling (0 &25Q m) 
Eihre Cladding (0 O125 mm)
Fibre Corre (0 0.008 mm)
Eigure 4JL Single Coaled Single Mode Fibre.
4.2.1 Doubly Coated Fibres.
Double coated fibres are used by fibre producing companies such as Corning of America. Two layers 
of coating material are applied to the fibre rather than one before the fibre is first wound onto the 
take-up drum. When two thin layers of coating are applied rather than one thick one, the ratios of the 
coating thicknesses and relative hardness of the layers can vary depending upon the design objectives. 
The outer diameter of the package however is always maintained at 250/im. The implication of the 
situation where all parameters are varied except total diameter, is that additional protection for the 
mechanical and optical performance of a fibre are not obtained from a greater thickness of coating, 
but from the combination of the layers in the coating package. The contention is that a "combination 
package" of this sort can be finely tuned to meet a fibre's protection needs.
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Claimed advantages for dual coated fibres include:
i) superior microbend resistance,
ii) improved yield, both in fibre and cabling plants,
iii) easier processibility-hard outer coating has more favourable surface properties and the
superior microbend resistance makes the package more forgiving,
iv) coloured secondary coatings-dye can be added to the outer coating as it does not come into
contact with the fibre, (this removes the inking process-a necessity with single coated fibres).
Disadvantages of the double coat system of primary fibre protection are:
i) more complex production equipment-expensive and harder to run,
ii) lower tower utilisation,
iii) lower tower yield,
iv) more complex resin inventory-particularly if adopting the self coloured options.
While manufacturers contend the merits of the double coat systems, it is certain that more production 
alternatives are offered by the dual coats. Not only can geometric ratios be altered for the coats, but 
the ratio of coating hardness and the method of cure can also be varied. Diameters commonly used 
for first and second coats include: 170/250/^m, 185/250/xm, and 200/250/zm.
It is generally accepted that the inner layer of coating is softer than the outside one. In this way, it 
is supposed that the inner layer cushions the fibre, while the outer layer repels any mechanical effects. 
Singly coated fibre takes the middle path between these two extremes so that the single layer is not 
so hard that it damages the fibre, while not being so soft that it allows damage of the fibre from the 
outside.
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Cure methods vary between coating combinations and are determined mainly by the convenience of 
the methods and the equipment to be used to apply and cure them. The two most significant 
applications are wet on dry and wet on wet coatings. The first method, wet on dry, as its name infers, 
applies the first layer of coating and then cures it, then applies the second layer of coating and cures 
that. The method has the advantage that it is simple, but requires the space necessary to separate the 
coating applicators for the curing lamps. The second method, as its name suggests has both coats 
applied to the fibre before curing commences. It has the advantage that sets of equipment are kept 
close together, but it requires careful selection of materials because in order to cure the inner layer, 
radiation has to pass through the outer layer without effecting it. This is done by selecting 
wavelengths of curing radiation and materials so that the outer layer is transparent to the light 
intended to cure the inner layer. If the calculations are wrong, then over-cure of either layer, or under 
cure of the inner layer can easily take place.
4.3 Buffer Layers.
The production of optical fibre telecommunications cables can be viewed, as discussed above, as the 
application of successive levels of protection to fibres.
If primary coating is the first level of protection, and sheathing of a completed cable the last, then 
the application of buffer layers constitute the intermediate steps. Buffer layers have become very 
specialised and vary between cable designs. Characteristically, they make fibre easier to handle by 
collecting it together in groups, or by making it very much more robust, and add a final protection 
against the demanding final cable production operations.Any cables referred to as receptacles for the 
buffer layers discussed here, are described in detail in 4.4.
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Secondary Coated Fibre.
Tight construction cable designs use secondary coated fibre, since there are no guides for the fibres 
as in loose tube cable designs. The secondary coat involves a coat of Nylon 12, as the outer jacket,
Fig 4.2.
High Modulus Jackal (0 0.875 mm) 
Aoylale Primary Coating 02 CL25Q mm)
Optical Elbra Cladding {0QJ25 mm) 
Optical Fibre Core (0 0.008 mm)
Figure 4.2 Single Mode Fibre Incorporated in a Secondary Coated Fibre Package.
The dimensions of a singlemode secondary coated fibre are as follows:
i) fibre core- 8/*m,
ii) fibre cladding- 125/zm,
iii) fibre primary coating- 250^m,
iv) Nylon 12- 850/zm.
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Secondary coated fibres are also used in single fibre cables. Those cables are bound in Kevlar yarn 
and then sheathed in PVC. Their main use is as terminating cables since they are physically flexible. 
They are always used internally to either link an external cable to terminal equipment, or to link 
equipment within a building, (ie. intra office).
High Modulus Jackal (0 0.875 mm) 
Sylgard Low Modulus Jacket (0 CL25fl mm) 
Actylate Erimary Cflatiog (0 0^250 mm) 
OpticalEtaaCladding40QJ25 mm)
Optical Eibra Cots (0. &QQ8 mm)
Figure 4,3 Single Mode Bbre Incorporated in a Triple Coated Bbce Package.
4.3.2 Triple Coated Fibre.
Triple coated fibre developed by STC, is a basic acrylate fibre (see primary coated fibres), coated 
with a thin layer of Sylgard and an outer jacket of Nylon 12, Fig 4.3.
The advantage of this process is that the fibre is drawn and the primary coat is applied by one 
process, and the two outer coats (Sylgard and Nylon), subsequently applied by a separate process at 
a later date. This has the effect of simplifying the process considerably.
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The performance parameters of triple coated fibre is comparable with that of secondary coated fibre 
and both products have the same applications. Fig 4.4 shows a single fibre cable incorporating a triple 
coated fibre at its centre. Cost savings in manufacture therefore make it a viable alternative to the 
more costly secondary coating option.
Sheath (0 2£QQ mm) 
Aramid Yam (0 1.600 mm) 
High Modulus Jackal (0 O.S75 mm) 
Sylgatd Low Modulus Jacket (0 (L3£Q mm) 
Aerylaia Primary Coating 02 £L25Q mm) 
Optical Eibra (0 QJL25 mm)
Figure 4.4 Single Fibre Cable Incorporating a Triple Coated Fibre at its Centre.
The dimensions of a singlemode triple coated fibre are as follows:
i) fibre core- 8^m, 
ii) fibre cladding- 125/im, 
iii) Silicon Elastomer- 350/un,
(Sylgard) 
iv) Nylon 12- 850^m.
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4-3.3 Hermetic Coating.
Hermetic fibre is the logical answer to the need to seal fibre against the mechanical and chemical 
forces which would otherwise degrade its performance. The study of the durability of fibre and how 
to improve durability, leads to the study of how to make the fibre hermetic. The passivation of a fibre 
surface can be achieved by coating a fibre surface with a hermetic material such as SiN2 , or metal. 
While the mechanical and chemical effects of this process are still under study, there is no doubt that 
hermeticity is a way to prevent hydrogen diffusion into the fibre causing attenuation increase.
In order to make optical fibre more usable in harsh environments such as under the sea, not only 
hermeticity, but also mechanical strength is required. Hermetically sealing a fibre, has come to mean 
protecting it with a metal rube of about 1 mm, outside diameter. The metal tube is able to protect an 
optical fibre from moisture, hydrogen and lateral pressure, as well as tensile force.
These fibres have the potential to increase productivity, by making fibres more robust, increasing the 
field life of fibres and reducing the cost of fibres by allowing the removal of some of the currently 
essential layers of protection.
4.3.4 Ribbon Fibre.
Ribbon fibre is a number of acrylate coated fibres joined together by a resin to form a ribbon. STC 
would use a ribbon such as this within a fibrespan aerial cable, although cables using multi-two fibre 
ribbons have been designed by other manufacturers. The main advantages of ribbons are their 
neatness and compactness, and the easy manner in which they can be applied within the cable core 
without the fibres twisting and crossing. Fig 4.5, shows layers of ribbon inserted into a completed 
fibrespan cable.
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Polyethylene Slot Gag. 
Filling Compound. 
Optical Eibre Bitaboa 
Binder Yam,
Glass Reinforced Hagflc flgj. 
Sheath.
Figure 4,5 24 Fibre Ribbon Design Non Metallic "Fibrespan"
Aerial Cable.
Ribbons are based on ultra violet coating technologies similar to those used for fibres. Up to twelve 
coated fibres are coloured in line, coated with a UV curable bonding matrix, and bonded into an array 
of twelve continuous fibres.
Many options for ribbon geometry are available as shown in Fig 4.6. These options are obtainable 
by varying the method of ribbon application. It has been found [4.1], that the symmetrical structure 
of ribbon such as that shown in Fig 4.6,b, with relatively flat ribbon surfaces gives the optimal 
performance. The ribbon shown in Fig 4.6,a, is found to be thicker than necessary, making single 
fibre access difficult and packing efficiency smaller. The pronounced asymmetrical meniscus structure 
of the ribbon in Fig 4.6,d, can induce preferential bending strains during cure and temperature 
changes, while a design such as that shown in Fig 4.6,c, was found although symmetrical, can restrict 
freedom of ribbons to move transversely and relieve cabling and environmentally induced strains.
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e) d)
Figure 4J3 Various Ribbon Matrix Designs.
Matrix.
4.3.5 Loose Tubes.
Loose tubes are hollow cylinders extruded from Polybutyltetraphthelate, (PBTP), to carry between 
one and eight acrylate coated fibres. Examples of tube sizes are 1.5, 2.2 and 3.0 mm diameters with 
fibre counts ranging between one in a 1.5 mm the to a maximum of eight in a 3.0 mm tube. Loose 
tubes are designed specifically for insertion into a "loose tube cable", the design of which is discussed 
in 4.4.
The loose tube theory is that the fibres contained within tubes, lie in sinusoidal or helical paths, 
immersed in high viscosity filling compound inside hollow tubes. The paths of the fibres mean that 
the length of fibre is greater than the length of tube which contains it, and so a percentage excess is 
generated. Currently, excess is nominally set between 0.15 and 0.20% and is intended to give a 
degree of strain relief. If the tube is stretched, its elongation can be as great as 0.20%, before the 
fibres within it experience strain.
Page 4.13.
In addition, a well tuned production process will generate loose tubes in which fibres come into 
contact with neither tube wall or other fibres and should this occur, they are free to move apart. The 
system is designed to reduce microbend effects and both protect and cushion fibres by a similar theory 
to that which was seen double primary coating (with a soft/hard design).
4.4 Optical Fibre Cables.
Within STC cable products division at Newport, several variations of fibre optic cables are 
manufactured. The three major cable construction types are namely Loose Tubes, Tight Construction, 
and Open Channel (slotted core). Other types not used as extensively or which are still under 
development are Fibrespan, Mini Open Channel, Figure of 8, and FOTS-LH (Fibre Optic 
Transmission System-Long Haul).
4.4.1 Loose Tube Cables.
These cables are suitable for trunk, inter exchange junction and subscriber local loop applications. 
Various types of multimode and singlemode optical fibres and a wide selection of cable constructions 
are available for duct and direct buried applications.
Cable variants to suit customers' specifications include steel or dielectric central strain members, steel 
tape or wire armouring, polyethylene, PVC or low fire risk sheathing compounds. Copper pairs may 
also be incorporated.
The cable consists of either single or multiple fibres loosely contained within loose tubes. Tubes are 
laid around a central strength member, wrapped with tape and then sheathed to form a cable. The 
cable interstices may also be filled with special compound to provide a genuinely fully filled cable.
Page 4.14.
Longitudinal freedom and cushioning with the tubes ensures the fibres are protected against stresses 
applied to the cables during handling and installation operations. Fibres and tubes may be colour 
coded to enable easy identification.
Loose tubes are laid helically around the central strength member to enhance strain relief performance 
afforded already by the excess built into the tubes. Care must be taken when setting the pitch of the 
loose tube helices that the macrobend critical radius is not attained.
Fig 4.7, shows an unarmored cable as used in the trunk network and installed in ducts. The design 
incorporates twelve optical fibres and two copper pairs. The cable consists of a strength member of 
compacted steel strand, coated with paper tape. The tubes are of extruded polybutyltetraphthelate, and 
each tube contains four acrylate coated optical fibres. The fillers are of extruded polyethylene. An 














Figure 4.7 12 Fibre, 2 Copper Pair Unarmoured Trunk
Cable for Duct Use.
Polyethylene Outer Sheath, 
Galvanised steel wire armour.
Inner Sheath, 
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F_igure 4J. Armoured 12 Fibre Loose Tube Cable.,
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Fig 4.8, is also a twelve fibre loose tube cable, but has six tubes (two fibres per tube), and four 
fillers. There are no copper pairs. Also present in this design is a galvanised steel wire armouring.
4.4.2 Tight Construction^
This type of tightly buffered cable is suitable for installation into ducts. Cables are designed with 
space for up to ten elements, each of which may be either an optical fibre (secondary or triple 
coated), filler or insulated copper wire. The cables are small, flexible, lightweight and optimise the 
use of existing duct space.
The cable construction as seen in Fig 4.9 which has ten secondary coated fibres, has a polyethylene 
coated steel central strain member over which the fibres, copper conductors or filler elements are 
stranded. The interstices are filled with a water blocking compound, except when used in pressurised 
systems. The unit is wrapped with a paper tape and ripcord included, over which are applied an 
aluminium/plastic laminate and an outer sheath of polyethylene.
4.4.3 Fibrespan Aerial Optical Cable.
Fibrespan optical cable meets the requirements of electric power utilities as an efficient 
telecommunications medium for the transmission of data for supervisory, maintenance, control and 
telephony purposes. Fibrespan cable may be installed on existing overhead power lines without the 
need for power cut-off and provides a simple and cost effective means of establishing a 
telecommunications data network.
Fibrespan is a low-loss, wide bandwidth, non-inductive, non-metallic, lightweight, self-supporting 
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Figure 4.9 10 Tight Construction Fibre Cable
Fibrespan cable, has very high strength and withstands the combined effects of icing, wind loads and 
the high electric fields generated by adjacent power cables. The smooth circular profile of Fibrespan 
inhibits galloping, with spiral preformed dampers installed on each span to minimise aeolian 
vibration2 .
A prime feature of the design is the easy access to the fibres for terminating and splicing. Rapid 
installation is possible using lightweight equipment due to the low cable weight and tensions. The 
cable does not kink and preformed spiral clamps and dampers are easily fitted.
The design enables exceptionally high excess fibre lengths to be incorporated by snaking the fibres 
in the slot which is then filled with soft gel to cushion the fibres against vibration. It also prevents 
ingress of moisture whilst retaining freedom of movement. The cable design minimises the application
2 Aeolian vibrations, are the wind induced high frequency vibrations experienced in small diameter 
overhead cables.
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of strain of the fibres, thus ensuring optimum and stable optical performance even at maximum 
working tension.
Fig 4.5, shows a Fibrespan cable with 24 optical fibres. The fibres are bound together to form a 
ribbon.
4.4.4 Open Channel (Slotted CoreV
These cables may be used as an alternative to loose tube designs in similar application areas.
Cable variants to suit customer's specifications include steel or dielectric central strain members, steel 
tape or steel wire armouring, polyethylene, PVC or low fire risk sheathing compounds. Copper 
conductors may also be included.
The cable core is a six slot, reversing helix polyethylene former with an integral central strength 
member. Acrylate coated fibres are laid into the slotted former which protects them from the stresses 
applied during handling and installation. Fibres may be colour coded to enable easy identification.
The diagram in Fig 4.10, shows a slotted core cable. For particular duct installations, it may consist 
of 16 optical fibres and one copper pair, assembled in the slots with a water blocking compound. A 
binding yarn secures these elements in place and a paper tape helically applied followed by a 
longitudinal covering of aluminium/plastic laminate completes the central section. The cable is 
sheathed with low density polyethylene.
A hybrid cable designed for the subscriber network has recently been developed by Fujikura Ltd. of 
Japan. The design combines the mechanical fibre protection offered by the open channel design, with
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Figure 4.10 Open Channel Slotted Core, 16 Fibre, One Copper Pair Cable
the accessibility and space economy of fibre ribbons. The cable uses a reverse helix (the helix 
direction of the core periodically reverses), so that when the sheath is cut away from the cable, excess 
fibre can easily be produced for splicing-even if the splice is to be in the middle of the cable (Fig 
4.11). In order to carry out a splicing operation on a mid-span cable section, 15cm. of free fibre is 
required. By stripping back 500 mm of sheath, this amount of fibre can be made available. Fig 4.12 
shows the process of mid span jointing.
The outer protective layers of the cable are the same as for standard slotted core design. A full 
description is available from [4.2].
4.4.5 Air Blown Fibre (ABF).
One of the most damaging periods in the life of an optical fibre is during the installation of the cable 
contain^ it. ABF designs allow (for relatively short distances), cables containing tubes similar to
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Figure 4J1 Cut Away Section of an SZ Slotted Core Cable,
(a)
Figure 4.12 The Process of a Mid Span Joint Carried Qjjl on an SZ
Cable.
the loose tube design but completely hollow, to be installed in their ducts or on their aerial stations. 
After successful installation of the cable in the field, fibres are blown along the hollow tubes thus
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reducing the risk of damage. The design removes the need for a degree of armouring, since part is 
normally added to protect the fibre during its installation.
The ABF system, was proposed by British Telecom. Research Labs. [4.3], in 1983, and details of 
the latest advances in this technology can be found in [4.4].
14 Merits of Various Cabling Approaches.
Table 4.1 is a comparison of the performance of the cable design alternatives. It indicates the merits 
and deficiencies of the design options available.
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The fibre faults discussed in this chapter can be divided broadly into two areas: those which actively 
attenuate a signal passing through the fibre; and those which distort the signal and hence effectively 
limit the bandwidth of the fibre.
Solutions of the fibre optic industry to the problems experienced in fibres are listed, as well as an 
attempt to quantify the improvement in performance which has resulted.
4.6.1 Dispersion.
Dispersion can be defined as the process by which a fibre distorts a signal passing through it. The 
standard classifications of dispersion and their interrelation, are shown in Fig 4.13
Multimode or Intermodal Dispersion
This type of dispersion is peculiar to multimode fibres, of both step and graded index types. It is 
caused, basically by optical power travelling along a fibre via different waveguide modes. Each 
optical mode has a differing path length and group velocity. Pulse width will therefore be distance 
dependent.
The two modes displayed in Fig 2.8, show the maximum difference possible for meridional modes 
with 6 = 6C and 0 = 0°. That is, the angles of the two light beams are respectively, as great as 
possible without the light escaping; and directly along the fibre axis.
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The difference in time between the arrival of the fastest and slowest signals at the receive end of the 
fibre due to multimode dispersion, rm, after a length of fibre L, can be derived thus:
V = c 
n
therefore the time between the fastest and slowest light modes arriving:
4.1




v [ cos ec J
total dispersion.
Figure 4.13 Dispersion "Family Tree".
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4.6 
but, (from Chapter 2),
if HI = n2







A second class of dispersion is known as chromatic dispersion. The effect occurs because the group 
velocity of light is a function of wavelength. The effect is very much smaller than the multi mode 
dispersion, but becomes relevant in singlemode fibres, where multi mode dispersion does not occur.
Two factors contribute to the chromatic dispersion effect: material and waveguide dispersion.
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4.6.1.2.1 Material Dispersion (rj.
Material dispersion is a result of the effect that apparent refractive index of a medium varies with the 
wavelength of light passing through it. The effect is a consequence of the fact that monochromatic 
rays of light are not truly monochromatic. All light rays have, however small, a finite bandwidth. The 
varying wavelengths therefore result in varying refractive indices which, over a length of fibre cause 
a signal impulse to broaden.
For this effect, the group delay can be calculated thus:




T = group delay. 
= (time for arrival of slowest - time for arrival of fastest)
= (V. - Vf)L
4.10
= 1 [n-Xodn 1 L
4.11
note: group refractive index.
= n -
4.12
The change in group delay rn for a change in wavelength <5\o, is given by:
= dr. 6X0 
d\, 4.13
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The waveguide dispersion is always negative. It is defined by:
TW = nliAN.D w(V).6X0 .L 
AO-C
4.17
= £NA£.DW(V).6X0 .L 
2n 1 .X0.c
4.18
Where DW(V) is a function of the normalised wavelength and is negative for single mode fibres.
Waveguide dispersion is caused by the variation in speed between the proportion of light carried 
within, and that travelling outside the fibre's core.
4.6.1.3 Solutions.
The dispersion effect is dealt with in three ways. The first accepts the existence of the effect, but 
attempts to suppress it; the second attempts to move the effect to an area of spectrum where it can 
do no harm; while the third approach is to remove the effect from the fibre by altering the fibre's 
composition.
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4.6.1.3.1 Minimising Chromatic Dispersion.
Dispersion in single mode fibre arises due to the spread of the signal frequency. In other words, in 
an ideal singlemode fibre, the group velocity of the signal is fully characterised when the optical 
carrier is a truly single frequency coherent wave. The dispersion can be expressed as a pulse spread 
in a convenient unit such as ps/Km.nm. The dispersion is a function of the operating V value of the 













































Figure 4.14 Waveguide Dispersion \/ersus V value for Single Mode Fibre
Signal bandwidth corresponding to a Inm wavelength spread at the l/on carrier wavelength is 
approximately 3*10"Hz., corresponding to an RMS pulse width of ~2ps. Fig 6.14, shows that a 
single mode fibre can handle a signal bandwidth over IKm. of 3*10"Hz., provided it operates near 
the cut off point of the second mode of V = 2.4.
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4.6.1.3.2 W Index Fibre.
The W fibre, or depressed cladding fibre was an attempt to modify the cut off wavelength and the 
group velocity vs V number curve. It is possible to design the waveguide to tailor a near zero 
dispersion region.
Modified fibres impose three optional conditions. The first is an increase in fibre manufacturing 
tolerance requirement, and the second is an increase in scattering loss. The third is a more stringent 
splicing or jointing tolerance requirement. Since the information-bandwidth-distance product is of the 
order of 10MHz.Km, an uncompensated fibre operating with a narrow width optical source offers a 
good solution for most long distance trunking and inter-city transmission applications. For special 
applications, where the longest repeater spacings are mandatory; for example in repeaterless 
submarine systems and trans-continental links, the special fibre optimised for maximum bandwidth 
-distance product could be justified.
4.6.1.3.3 Graded Index Fibre.
The effect of mode dispersion can be minimised, and in theory eliminated, by using a graded index 
profile, as explained above. The difference between theory and practice, is that it is very difficult to 
produce the exact profile required, and the effect of a slight deviation from it is marked. Not only 
is it difficult to produce the fibre to conform with theory, but there is an inevitable variation of profile 
with length, and this will allow dispersion to occur, with a consequent reduction in bandwidth. The 
ideal profile is discussed in Chapter 2.
The graded index changes paths followed by the waves travelling down the fibre. In terms of the ray 
theory, the light will travel faster at the outer reaches of the core than at its centre.
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Skew rays will still follow a helical path with their velocity increasing with distance from the fibre's 
centre.
The effectiveness of a particular profile on reducing the multimode dispersion, is also a function of 
wavelength. It is therefore possible to reduce the dispersion of a fibre be operating at its most 
favourable wavelength. The effect of varying the profile of the index can be seen from Fig 4.15. The 
sharp minimum shows why great importance is attached to producing fibre with the optimal value of 
a, (index gradient).
_|______[_
10 20 40 100
Index Gradient.
Figure 4.15 The Effect of Varying the Profile of the Fibre Core 
Refractive Index Upon the Mode Dispersion.
4.6.1.3.4 Dispersion Shifted Fibres (PS fibres).
For shifting the zero dispersion wavelength and maintaining low-loss propagation, a triangular 
refractive index profiled fibre was developed. The triangular designs shifted the cut-off wavelength, 
as well as changing the magnitude of the waveguide dispersion, so that for a fibre construction, the
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zero dispersion point could be shifted to 1550nm., where the fibre loss was a minimum. For this type 
of fibre, low loss of 0.23dB/Km., has been achieved, which compares reasonably well with a low loss 
figure of <0.2 dB/Km., for an uncompensated fibre.
4.6.1.3.5 Dispersion Flattened Single Mode Fibres (DFSM fibres').
Standard singlemode fibres have a zero dispersion point, as discussed above at around 1300nm., but 
a high dispersion value in the third, 1550nm., transmission window (about 20ps/Km.nm.). ForDSSM 
fibres, the refractive index profiles have been designed so as to yield zero dispersion at 1550nm. 
These fibres however, have high values of dispersion in the second, 1300nm., transmission window. 
The dispersion flattened fibre offers the best of both worlds by giving low dispersion in both the 
second and the third transmission window.
So far, DFSM fibres have a slightly higher attenuation than standard single mode fibres. This still 
proves to be a limiting factor in long haul projects.
The advantages of DFSM fibres are that they offer the possibility of wavelength division multiplexing 
at several wavelengths within the 1300 and 1550nm. windows for high bit rate transmissions using 
LED's and other low cost components.
Fig 4.16, shows the refractive index profile of a DFSM fibre. The outermost index step is light 












Figure 4.16 Refractive Infex Profile of the Designed DFSM-Fibre 
with Typical Dip (solid line) and Measured Profile of a Fabricated
Fibre, Solid Line).
4.6.2 Mechanisms of Loss.
Loss mechanisms in fibre, are the methods by which a fibre attenuates the signals passing through 
it. Fig 4.17 shows the interrelation and hierarchy of loss mechanisms which can be active in fibres. 
The figure illustrates the position within the hierarchy of the focus of the project: microbending.
Attenuation of a signal as it travels along the guide is caused by several factors. The main ones are 
absorption, scatter and radiation. Each is important, but as fibre production methods have improved, 
and the limits on the operating conditions of the fibre have been optimised, the attenuation is 
eventually determined by the scattering loss.




Figure 4.17 The Heirarchy oj Modes of Loss active within Optical Fibres.
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From Fig 4.18, it can be seen that two mechanisms of absorption exist, and that one of these is an 
unavoidable mode of loss.
4.6.2.1.1 Intrinsic Absorption Loss.
The light which constitutes the signal passing through an optical fibre, has an effect on the silica 
material from which the fibre is made. It is for this reason that intrinsic absorption loss cannot be 
reduced, leaving wavelength selection as the only possible means of negating its effect.
Intrinsic absorption is made up of two absorption effects:
i) Ultra violet absorption-where the U.V> light is capable of exiting the outer electrons of the 
silica to take up higher energy levels, (In this way, the light passing through the fibre's energy is 
depleted by electron transitions, which effectively attenuate the signal),
ii) Infra red absorption-the infra red electromagnetic wavelengths are attenuated because the silica 
lattice of the fibre uses their energy to vibrate as a whole, (the energy absorption for lattice vibrations 
peaks at 9000nm).
It can be seen that intrinsic loss, therefore cannot be reduced, but inspection of Fig 4.18, shows that 
by choosing 1300 and 1550nm., transmission windows, its effect will be minimised.
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£.6.2.1.2 Impurity Absorption.
Contaminating elements in glass, particularly the transition elements, (V, Cr, Mn, Fe, Co, Ni), have 
electron energy levels that will absorb energy from incident light. The amount of energy absorbed, 
depends upon the proportion of impurity atoms present. With care in the manufacture of glass, and 
in the drawing of the fibre, these impurities can be reduced to about one part per billion and at this 
level, the loss is negligible.
The absorption produced by the transition metals is not very dependent on the wavelength of the 
signal, and so is not easily avoided by choosing a suitable wavelength for the light source.
The other main absorption mechanism is that due to the presence of water: the hydroxyl ion, OH". 
The water ion absorbs readily at 2.8/xm., and there are less strong, but still pronounced absorption 
peaks at wavelengths which are almost direct harmonics: 1.4/un., 0.97^m., and 0.75/zm., (see Fig 
4.18).
Some reduction in this absorption -frequency characteristic can be obtained by pre-drying the powders 
used to form the glass. The strong frequency dependence of this mode of loss, allows signal 
wavelengths to be chosen which will minimise the effect. A deeper discussion of this subject will be 
found in [4.5].
4.6.2.2 Radiation.
Radiation is a mode of attenuation where, rather than light energy being taken up by the dielectric 
medium, it is re-directed by one or more of the several mechanisms out of the fibre. The term "light
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leakage" has often been applied to this mode of loss. The following sections detail some of the more
common means of leakage.
4.6.2.2.1 Ravleigh Scattering.
This mode of loss, like the intrinsic absorption above, is unavoidable and as such is compensated for 
rather than being solved.
Rayleigh scattering is caused by fibre variations in atomic shape, occurring over very small distances 
compared with wavelength. The scattering comes about because of small variations within the glass 
of refractive index profile and the loss coefficient is proportional to \'4
The unavoidable nature of the loss mode means that it provides a lower limit to the attenuation levels 
which can be achieved. Fig 4.18, shows the Rayleigh loss curve. Equation (4.20) is an approximate 
calculation showing the value of the loss is a function of the fibre and its constituent glass:




Is = scattering induced loss,
n = refractive index
j3 = isothermal compressibility,
k = Boltzmann's constant,
T = absolute temperature,
X = wavelength of light.
Other types of scatter can occur. In particular, Mie scatter, which is due to variations in the structure 
of the olass which occur at about one wavelength intervals, and waveguide scatter, which is caused
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by fluctuations in the geometry of the core along its length. These last types of loss con be made 
insignificant by tightening production tolerances on fibres.
4.6.2.2.2 Radiation from Bends.
Energy is radiated at a bend in a fibre. The amount of radiation is usually small, but proportional to 
the bend radius. As the radius is decreased, there is a very rapid change at a critical radius, Rc . As 
the radius decreases past R., the amount of loss changes from low to high. The value of Rc depends 
on the numerical aperture of the guide, and the radius of its core. Increasing NA (ie. reducing the 
MFD thus causing a grater percentage of light power to be carried within the core), and reducing the 
core size, will help to decrease the minimum bending radius.
The mechanism that causes radiation, results from the fact that the field pattern of the guided wave 
penetrates into the cladding. At a bend, the field at the outside of the bend has to travel faster than 
that at the inside, in order to maintain the phase relationship in the mode. At some distance from the 
fibre, the velocity of the wave will attain the velocity of light; therefore the energy at a larger radius 
must be radiated. As the bend radius decreases, the radiation radius moves closer to the fibre. At the 
critical radius, half of the light into the bend is lost. For many materials, the critical bend will be very 
small, and sometimes less than the limit imposed by the mechanical stress due to bending.
[4.6] deals more fully with the bending effect in fibres.
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4.6.2.2.3 Microbending.
Microbending, discussed extensively below is a form of radiation loss from bends. It is the small axial 
perturbations of a fibre axis, which lead a shift in the mode power such that enough light is travelling 
outside the core for radiation to occur.
The microbend effect is a function of several primary and secondary fibre parameters, and is very 
much harder to diagnose due to its multi dependent nature than its pure, macrobending relation.
4.6.2.2.4 Waveguide Imperfections.
Waveguide imperfections include variations in fibre cross sectional dimension and refractive index 
profiles; and microbubbles within a fibre. All of these effects lead to attenuation of a fibre signal, and 
improved production methods have gone a long way to making their effect negligible.
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Issues Relating to Microbending.
5.1 Introduction
Microbending is a problem which permeates every level of the fibre optic industry. It is taken into 
account when fibres are drawn and has to be included in the final calculations used in cable design.
Chapter 4 defines microbending as the microscopic perturbations of a fibre's axis and classes it as a 
form of bend radiation along with macrobending. While the latter of these two effects has been 
thoroughly defined, researched and resolved, the former remains an unknown area. It has been proven 
[5.1][5.2], that macrobending occurs when a fibre attains a critical bend diameter and that certain 
parameters such as cut-off and mode field diameter, (spot size), define this critical diameter.
Given these two facts, macrobending can be counteracted in two ways. These are:
i) manipulation of certain fibre parameters can be used to adjust the critical diameter sufficiently 
so that it becomes small enough to make the effect insignificant,
ii) or taken account of during cable design, as described in Chapter 4, (in this case, adjustments 
are affected to the fibre helix angles around the central core of a cable so that the critical bend 
diameter is never attained).
Obviously macrobending is a problem which, given a closely controlled fibre production process and 
cable design, can be overcome.
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Microbending is unfortunately not as well defined as this. While all agree that microbending is the 
microscopic perturbation of a fibre along its axis, no agreement can be reached as to the parameters 
of the fibre which define its susceptibility to the microbend effect; or the mechanisms active in cables 
which induce it. For these reasons, microbending has been neither minimised by manipulation of fibre 
parameters, nor specifically taken into account during cable design in the same way as macrobending. 
The lack of understanding of the problem has led it to become a kind of scape goat to which all 
unexplained cabled fibre attenuations are attributed.
There are two main approaches to microbending research:
i) the effects on transmission of a pattern of perturbations along the fibre axis: a theoretical 
perturbation pattern is generated and the theoretical performance of a theoretical fibre calculated, 
ii) the effect of a chosen parameter on the microbend susceptibility of a fibre: a parameter is 
chosen and the effect upon the signal attenuation measured or calculated.
Neither of these approaches has a great deal of credibility or use in practical applications. The reason 
is that the approaches do not address the real microbend problem. They deal either in the first case 
with perturbations which were the result of a set of simplifying assumptions; or in the second case 
with a parameter or set of parameters which were chosen arbitrarily and which therefore might not 
be those with significant effect upon microbend performance in cables. The overall effect is to cause 
these theories to lack a base in reality, which would afford them the credibility they require. They 
take no account of real perturbation patterns or the relative significance of fibre parameters on fibre 
performance in their calculations.
The definition of microbending therefore, while being sufficient as an abstract concept is of little use 
to the cable production industry attempting to find solutions to the problems presented by
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microbending. In order to come to terms or solve the problems posed by microbending, it is 
necessary to either find a way to accurately quantify the perturbations experienced by a cabled fibre, 
or discover all significant fibre parameters in the determination of microbend susceptibility.
L2. Statement of the Problem.
The problem to which this piece of work was initially addressed, was simply to investigate the 
microbend effect on various fibres. From 5.1, it becomes obvious however, that the microbend 
problem splits easily into two areas of research:
i) what causes the varying levels of susceptibility to the microbending effect in fibre samples, 
ii) and what induces microbending in cabled fibres.
Results arising from research in either of these areas would constitute a step forward in levels of 
understanding.
The method of research was to be founded in experimentation, and would set about finding links 
between fibre microbend performance and fibre parameters. In this way, it was hoped that all relevant 
factors in the determination of microbend susceptibility would be taken into account, and that any 
theories developed would have enhanced accuracy.
The policy of delaying the introduction of theory, meant that in order to comprehend experimental 
results, a system would have to be adopted which related information about fibres and processes to 
the results. It would introduce data to explain fibre performance only if that data became relevant. 
In this way, no assumptions at all were made about results, which gave conclusions attained much 
more credibility. The technique therefore, started with a pure method of research. It involved
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measuring and collecting data, linking data and relevant factors about fibres and processes, and finally 
introducing theory to explain the nature of the descriptive relationship which had been developed.
Solution to the problem, like the problem itself was split into two areas. The first involved 
investigation of the susceptibility of fibres to the microbend effect, the second was the reasons for the 
perturbations when fibre is cabled. Once in the process of cable production, the attenuation of a signal 
passing through a fibre can be attributed to many causes, only one of which could be described as 
microbending. In real situations therefore, quantifying the microbend effect becomes very difficult 
since any results obtained are obscured by many spurious modes of loss. The additional complexity 
of the microbend problem when viewed "in situ", lead the researcher to start the investigation by 
examining fibre susceptibility to the microbend effect away from the cables. In this way, it was hoped 
that a "feel" for the effect could be obtained before embarking on the investigation of causes of the 
effect in cables.
In order to examine the microbend effect in isolation and therefore the susceptibility of fibres to it, 
a test which induced almost pure microbending in fibres had to be constructed. In cables, the axial 
perturbations of microbending could be due to effects as diverse as fibre strain due to an insufficient 
amount of excess in a loose tube, an amount of excess so large that fibre is forced into contact with 
the tube wall, a bad mixture of tube filling compound or even the fibres crossing and coming into 
contact in a disadvantageous manner. In order to build a rig which would simulate these effects, the 
possibility was first examined of artificially inducing them in fibre. The method was quickly 
abandoned as the test required to induce the required number of cumulative effects would prove 
impossible to duplicate with any accuracy for repeated tests. The method which was instead adopted, 
was to reduce microbending to its most basic form and have the test induce that. The obvious 
development method for the test was to have it induce-in a highly controlled and repeatable
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manner-the axial perturbations which are the basis of microbending. In the study, this was the first 
occasion on which previous microbending work was actively used to assist in development.
53 Requirements for an Efficient Microhend Test.
In order to clearly define the microbend test and to be sure when an end point had been achieved, the 
requirements of the test were positively defined before the commencement of the work.
Four features were identified which, if taken into account during the design of the microbend test 
would yield a satisfactory result. The features required in the microbending test were:
i) the microbend test should be highly repeatable,
ii) the spatial frequency of the perturbations induced by the test should cover a broad range,
iii) the test should induce only microbending as a mode of signal attenuation in test fibres and
minimise any spurious modes of toss, 
iv) the test should be completely non destructive to any fibres under test.
The failings of existing tests are addressed in subsequent sections. The reasons for requiring the above 
features in the final test are discussed below.
Repeatability is necessary in the test for two reasons: it is essential that the experiences of successive 
fibre test samples are as similar as possible and that if a fibre were tested on the test, removed and 
then tested again, the two sets of results would be very similar. The former of these two conditions 
would mean that direct comparisons between fibre results could be made with no fear of 
inconsistency. This would lead to a higher degree of integrity for the results of the test, and would 
make the setting of standards for specifications more easy. The latter condition would again add a
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degree of integrity to the results which, because of a normally high results scatter for microbend tests 
is characteristically low.
In the past, the absence of these factors has led to a low degree of acceptance within the fibre optic 
industry for microbend tests. They have been viewed with scepticism which has prevented their 
widespread adoption by the whole industry. Any test which lacks repeatability in the two areas 
described above would be both low in credibility from the point of view of individual fibre results; 
and would produce results which were of little use for specification or comparison use.
Microbends induced in cabled fibre will be of a variety of frequencies. The different frequency 
perturbations will have varying effects upon fibre attenuation depending on their amplitude. Any 
simulation of the microbending effect should take into account the wide variety of perturbation 
frequencies a fibre might experience in a cable. For this reason the microbending test must induce 
perturbations in the fibre, which have spatial frequencies covering as wide a spectrum as possible. 
A test which was capable of inducing perturbations of this kind, would fully test the fibre and would 
be more likely to show up any electro magnetic wavelengths at which a fibre was particularly 
sensitive to the microbending mode of loss.
The third condition states that the fibre under test should experience only the microbending mode of 
loss when on the microbending test. While this condition seems to be a prerequisite rather than a 
named condition of the microbending test, it is essential that it is highlighted. A problem with the 
existing tests as described in 8.2, is that they do not induce pure microbending. Characteristically, 
they induce a number of modes of loss, relegating the microbending to a position of relative 
insignificance when compared to the total loss system they develop. Any test which could prove that 
it induced very small amounts of spurious signal attenuation when compared to the amount of 
microbending based attenuation would gain much credibility.
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The fourth condition can now be seen to be evolved from the previous three. If a test is in any way 
degrading to a sample fibre, not only will it be highly unrepeatable, but it will also not be inducing 
pure microbends. Loss modes induced by a destructive test will include fibre kinks, and in some cases 
fibre violation and even breaking. Clearly, any test which is destructive in any way to the test fibres 
will be unsuitable.
5.4 The Real Situation.
After addressing the susceptibility of fibres to the microbend effect, the cable orientated half of the 
problem was investigated. The object was to investigate the causes of microbending. It quickly 
became clear that the pure approach described above, was opposed to the stated policy of withholding 
the introduction of theory for as long as possible. Microbending is one of a number of mechanical 
effects experienced by fibre in cables. If pure measurement techniques are used, it is impossible to 
discern between microbending and other forms of attenuation inducement. For the same reasons, it 
is therefore impossible to isolate the causes of microbending in cables. 1
The real situation gave no possibility of isolating the microbend effect. For this reason, it became 
necessary to regard attenuation exhibited by cabled fibre as being the result of a total effect termed 
"process induced attenuation". The effects leading to attenuation when viewed as a whole could be 
easily quantified and measured for the real cabled situation without the need for assumptions of any 
kind to be made.
Therefore before the cabled fibre situation could be examined, it became necessary firstly to gain 
experience of the microbend effect in a pure environment. It was important to investigate the
1 Optical time domain reflectometer, (OTDR), readings of cabled fibres are said to show microbending in 
fibres as a series of small "kinks" along the attenuation trace they produce. This theory is unsubstantiated and 
even if correct, would not be useful since there would be no way of quantifying it.
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microbend effect away from other modes of cable loss. For this reason, a microbend test was 
developed. The objective was to gain a "feel" for the microbend effect on a test which produced 
highly repeatable, pure microbends. The causes of fibre susceptibility to the effect was examined by 
attempting to model and predict fibre performance on the test using fibre parameters.
Should it prove possible to accurately predict how fibres would resist microbending and possible other 
modes of loss, a major variable would have been removed form the cabling process.
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CHAPTER 6.0. 
Development of the Microbend Test.
<LL Introduction.
The microbend test was developed in order to examine the microbend effect in isolation. In addition 
to giving a "feel" for the effect, it was envisioned that the test would give an insight into the 
susceptibility of fibres to the effect.
As has already been discussed, the microbend effect could not be isolated in a cabled fibre and 
investigated thoroughly. The test was therefore required to induce pure microbending, which became 
its design priority. A discussion in Chapter 5 listed the requirements of the test required and in 
designing the test, these were taken into account.
Before commencement of the design procedure, existing test methods used by the cabling industry 
and research establishments were examined. This was the only point at which existing techniques were 
referred to. Shortcomings of existing tests were assessed and attempts made, on the design of the new 
test to counteract them.
6.2 Review of Existing Microbend Tests.
This section attempts to isolate the failings of microbend tests in existence, and seeks to identify 
possible reasons for their shortcomings. Most of the criticisms of the tests discussed, were based upon 
measured results and comparisons with the definition of microbending from Chapter 5.
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Microbend tests currently in existence fall into two basic categories, they are compression tests and 
winding tests.
The test alternatives will be dealt with separately. 
6.2.1 Compression Tests.
Design.
Here, a length of fibre is forced against a roughened surface in an attempt to induce microbends. Fig 
6.1, is a schematic diagram of a compression microbend test. The diagram displays every possible 
layer the method of test might contain. It should be noted that most compression tests do not contain 
all of these layers. The microbend inducement can be placed above or below the test fibre as can the 
holding material/soft former (where present), the variation in applied force due to the weight shift 
involved being insignificant.
The base plate provides a rigid base for the test and holds the microbend inducement and holding 
material, which are normally not rigid. In some cases the base plate is machined flat in order to 
ensure that the only perturbations in the fibre are from the microbend inducement.
The microbend inducement, as its name implies is intended to cause the axial perturbations in the 
fibre which are described as microbending. Inducements are always rough and fall into two 
categories, random and regular inducements. Random inducements tend to be glass or sand paper, 
the various grades of each providing differing levels of severity of axial perturbation in a test fibre. 
Re<nilar inducements are normally metal meshes which will induce a regular perturbation pattern in 
test fibres. In the case of mesh, the intensity of the perturbation is dependent upon the mesh size.
Page 6.2.
lop Block for Compressive 
Eoice Application.
Soft Former.
- Intended Fibre Position. 
Microbend Inducement.
lesl Base Elate.
Figure 6.1 Schematic Diagram of a Compression Microbend Test 
Incorporating a Soft Former and Designed for use on a Straight Sample.
Both of these methods are popular and induce, to a certain extent, microbends.
The fibre under test is normally laid straight across the microbend inducement, the direction of the 
force causing inducing axial perturbation. The soft former is a feature of only a small number of 
microbend tests. Most rely on the top block (discussed below), forcing the fibre down onto the 
microbend inducement. These more simple tests will not be considered, since they cause signal 
attenuation by constricting the fibre and damaging it rather than inducing microbends. Obviously 
because of the spurious loss modes they induce, these tests do not actually qualify as "microbend 
tests", they are however in use in many establishments. The soft former should be of a material soft 
enough to prevent constriction of the fibre between it and the inducement; and hard enough to ensure 
that the fibre is forced into the shape of the mesh and not allowed to sink into the former away from 
the mesh.
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The top block provides a strengthening member for the soft former and is normally made of metal. 
It provides the initial force pushing the test fibre onto the inducement. It is normally of a known size 
and weight and if so, provides better control of the microbend test.
6.2.1.2 Shortcomings.
Selection of the microbend inducement material was found to be critical. In the case of mesh 
inducements, one too fine was found to subject the test fibre to a loss mode based on compression. 
This was discovered by examination of results which showed that below a certain roughness, 
attenuation induced dropped significantly. This was because the mode of loss had shifted from axial 
perturbation to cross sectional strain related loss1 . If a mesh too harsh were selected, macrobending 
would become a possibility and differential strains between the inside and outside radii of the bent 
fibre would again result in polarisation based attenuation.
Sand paper as a microbend inducement offered at best a poor source of the microbends sought. A grit 
paper too fine would result in a compression test unsuitable for the reasons listed above; while a grit 
paper too rough would damage the fibre. As stated in Chapter 5, one of the requirements of a 
microbend test is that its repeatability extends to it being totally non-destructive of fibres under test. 
The danger with grit paper is that it can cause modes of loss as various as constrictions in fibres, 
mechanical damage, fibre strain, coating puncture, etc. Despite this, grit paper remains a popular 
method of inducing microbends.
The reason for the apparent preference of the fibre optic industry for grit paper based tests, is due 
to the realisation that the perturbations induced on any test have to be of a wide range of frequencies.
1 Strain induced loss is a significant, if separate are of research which requires high amounts 
of normal loading to induce attenuation through polarisation of significant magnitude. It is outside the scope of 
this research.
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Two reasons are commonly given for this preference. The first as discussed in 7.3, is that a range 
of spatial frequencies of perturbations are necessary in order to fully simulate the cabled fibre 
situation. It is felt that the random nature of the grit paper is most likely to achieve all of the spatial 
frequencies necessary. The second reason for the preference of the industry is that microbending in 
cables is a random effect and so an essentially random set of perturbations is the most suitable 
answer.
Both of these arguments are fundamentally flawed. Because of the random nature of the perturbations, 
it is wrong to assume a complete spectrum of spatial frequencies will be automatically attained. There 
is a chance that it will, but to assume this, adds a degree of uncertainty to the test. In addition, the 
assumption that because the microbending in a cabled fibre is of a random nature, the nature of the 
test perturbations should also be random is false. There is a greater possibility of the fibre 
experiencing the required conditions if the test induces microbends in a very controlled manner. The 
less random elements which are allowed to occur in a test, the more control and therefore the more 
understanding the researcher will have of the work and results.
Members of the optical fibre industry who favour compression tests, must choose a microbend 
inducement which while being rough enough to ensure that microbend and not compression tests are 
carried out; is smooth enough to prevent spurious modes of loss and in the case of grit paper, damage 
to the fibre itself. In the course of the investigation, it was concluded that while some ideal grade of 
mesh might exist, there was no "optimum" grit paper available. Either it was too smooth to induce 
any loss modes except strain related ones, or it began introducing spurious loss modes by damaging 
the fibre. For this reason, grit paper was discarded as being unsuitable. The option remaining was 
wire mesh which appeared, from initial work to be capable of achieving an optimum value of 
percentage microbending amongst the loss modes induced, providing a novel approach were adopted.
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Compression tests tend to be based around a straight piece of fibre laid across the test. This approach 
has a number of drawbacks. The first of these is that there is a danger of spurious loss modes from 
edge effects. Microbend inducements, particularly meshes, are often cut so that they finish flush with 
the edges of the top and bottom blocks. Where a more rigid mesh is used, this will mean that the 
fibre will not be experiencing what was intended as part of the test and may be subjected to spurious 
loss mechanisms. It is often assumed in placing the fibre onto the inducement, that because the 
perturbation pattern will be random, (as in the case of grit paper), its actual positioning will not 
matter. This is obviously not true for grit papers, as a finite paper size is used which means that for 
each placement, a different set of perturbations will be induced. It is particularly untrue for the wire 
mesh. If laid straight across the mesh, a fibre will experience either a set of high points, or a set of 
troughs. This will fail to induce any but a single frequency of spatial perturbation and will make the 
mesh unsuitable for microbend inducement. Both forms of inducement will also be hindered by the 
fact that each time the fibre is laid across them at slightly varying angles, a different length of fibre 
is tested. This effectively alters the loading values and falsifies results obtained.
Compression tests used without a soft former will break a fibre tested on them: grit paper based tests 
will puncture, constrict, strain and degrade them more readily. The former-less test will be 
disregarded as being unsuitable to test any quality of a fibre except the resilience of its coating. Where 
soft formers are used, they have to be chosen taking the microbend inducement material into account. 
The former is critical as described above and, as one of its numerous requirements must be resilient 
to fatigue.
With compression tests, the positioning of the weight with respect to the fibre under test, the 
inducement and the former, is critical. Many tests rely on arbitrary placement of the top block and 
take the resulting unrepeatable results to be normal for microbend tests. It is essential that the position 
of all elements of the microbend test should at best be fixed relative to each other, or at worst have
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a location point marked. The latter is not entirely suitable even if account is taken of the orientation 
of the various components.
The final fault of compression tests is the lack of knowledge with respect to the amount of force 
applied to the fibre under test. There is a requirement to make the microbend inducement considerably 
larger than the fibre in a direction perpendicular to the fibre axis. This cuts down the possibility of 
edge effects along the length of the test fibre. The inducement is not perfectly flat, and this fact, 
coupled with the yielding of the soft former means that the whole area of contact between the former 
and the inducement is loaded. The implication of this is that a fibre only carries a percentage of the 
total load applied and the actual load carried by the fibre cannot be calculated. This problem can be 
reduced in two ways: either the whole area of contact between former and inducement can be covered 
with fibres, or for a particular rig, the area and placement of the fibre could be kept constant. The 
latter method is the only solution to the problem, although it means that all rigs would have to be 
calibrated in terms of attenuation due to effective applied force; and that any change in equipment on 
a rig would force the recalibration of the whole rig.
6.2.2 Winding Tests.
These tests are based around the winding of a fibre onto a cylinder of a sufficiently large radius to 
prevent the macrobending mode of loss from becoming active. Winding tests use drums which are 
either smooth or covered in some abrasive material such as grit paper. Tests using smooth drums have 
fibre precision wound onto them in multiple passes. The theory is that each successive layer of 
winding passes over the previous set in the opposite direction. The cross over pattern generated is 
designed to cause fibres to experience perturbations due to previous and subsequent layers as they are 
added. The advantage of this method is that a wide spectrum of perturbation spatial frequencies can 
be venerated on a cheap smooth drum, providing good winding equipment is available. The second
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alternative, using a roughened or "ruggedised" drum uses a single winding pass and again requires 
precision equipment if large volumes of fibre are to be applied. Strain in the fibre pulls it down onto 
the grit paper which, in the same way as in compression tests is designed to generate the required 
axial perturbations of microbending. Winding tests, particularly those which use grit paper often 
require a "settling time", after the fibre has been wound onto them before readings may be taken of 
attenuation.
Winding tests use strain to pull the fibres tight onto the ruggedised drum, or previous layers of fibre. 
Strain can be applied to the fibre in one of two ways. Fig 6.2, shows end elevations of two drums 
fitted to induce each type of strain. The first design, shown in Fig 6.2,a, is a drum used as part of 
a Mandrel test. This type of drum has a fixed radius and does not alter during a test. Fibre is wound 
onto the drum with a certain back tension. Equipment required to do this includes pay-offs with
Radius Bobbin.
Variable Radius Bobbin.
Test Fibre Experiencing Arc.^ 
Fibre Experiencing Straight Position.
FJbte Experiencing Sharp Bend.
IsstEibte,
Force Applying Tension & the Fibre.
Direction ef Section Motion.
a) Fixed radius bobbin based test. b) Expanding bobbin basket weave test.
Figure 6.2 Schematic Diagram demonstrating Alternative Methods of 
Inducing Strain in Fibres Wound onto Microbend Test Drums.
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varying back tensions and take ups with precision drives and traversing fibre guides. The alternative, 
which is no less costly, is to use the drum design shown in Fig 6.2,b. The test which incorporates 
this type of drum is known as a "basket weave test". The fibre is loaded onto the drum at a minimum 
back tension and then when winding is complete, the drum is expanded to apply strain to the test fibre 
and pull it down onto the grit paper or lower layers of fibre. The basket weave design allows the 
tension in the fibres to be varied during a test, which allows a set of data for attenuation versus strain 
to be generated without the need for time consuming rewinds.
6.2.2.1 Discussion of Winding Tests.
The winding based microbend tests have the advantage of testing long lengths of fibre. The advantage 
of this is that if grit paper is used, the random pattern generated will probably generate a full 
spectrum of spatial interference frequencies. Thus, a fibre tested on a winding test can be expected 
to attenuate equally across the whole transmission spectrum. This fact means that the need for precise 
placement so important in compression tests where shorter fibre lengths are used, is removed.
The disadvantage of using such long lengths of fibre, particularly from the point of view of the 
destructiveness of the test, (as discussed below), is that tests on lengths of fibre, which are normally 
in 2 km. lengths, make them unusable for production. Thus, having tested a fibre using a winding 
test, that 2 Km. length is rendered unusable. Apart from being costly, this means that results obtained 
would be wasted. The work covered in this thesis, is based on the fact that fibres have an inherent 
susceptibility to microbending, which is a function of a number of the fibre parameters. Given 
variations in these parameters, susceptibilities will vary not only between fibres of different preforms, 
but even between fibres from different sections of the same preform. If this is the case, there is no 
advantage to be gained by testing a long length of fibre destructively, since the results would be of 
no use. The only reason for testing fibres would be to attempt to establish the fibre susceptibility, or
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link between susceptibility and parameters. The testing of fibres would be a costly exercise if the 
remainder of the fibres could not be used for some production application.
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Figure 6,3 Demonstration oj the Effect upon Tension in Fibre Issuinc 
from a Drum whose Apparent Radius is Decreasing.
Additional high costs induced by this form of test are: the high cost of winding equipment and the 
time penalty for the preparation of the test. Not only does precision take up equipment have to be 
designed to allow high quality winding onto the test drum, (particularly important in multiple pass 
tests where spacing is essential); but pay offs for passing fibre from storage to test drums have to be 
carefully designed. As has already been stated, long lengths of fibre are often used with winding tests. 
The fibre, as it pays of the drum reduces its effective diameter, (Fig 6.3). The pay offs therefore have 
to apply a constant back tension, rather than constant drag, since the reducing effective diameter of 
the pay off drum would vary the back tension of the fibre as it was fed onto the take up test drum. 
These considerations lead to costly, time consuming and complex equipment which at best will only 
come close to the requirement for a suitable test.
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The largest failing of the winding test design is in the uncertainty of the modes of loss they induce. 
As stated above, strain, induced by various methods, is used to pull fibres down onto the interference 
surface of the drum. This practice produces a number of loss modes, none of which can be clearly 
identified as microbending. Active modes induced by the winding tests were:
i) polarisation losses, (the strain used to pull test fibres down onto the interference pattern would
cause polarisation based loss modes which would have the potential to attenuate signals by up to
50%).
ii) constriction losses, (particularly in multiple pass winding tests, successive layers of fibre
would "pinch" one another constricting fibre and effectively inducing further strain related polarisation
losses),
iii) sharp bend losses, (losses induced in fibres by forcing them to suddenly change direction is
a thoroughly researched area of work [6.1J. This type of loss has nothing however to do with
microbending),
iv) punctures, (many winding tests use a "settle time" for fibres on the test before readings may
be taken, giving weight to the argument that the strain, rather than encouraging the test fibre to follow
the contours of the grit paper, is at best pulling it tight between adjacent high points, and at worst
pulling the fibre so hard that the coating is punctured, and the fibre damaged).
The last of these problems is accentuated in basket weave tests, where the expanding drum would 
cause fibre to move over the surface of the grit paper and tear, as well as puncture coatings.
The degradation of test fibres in winding tests is well known and most winding tests recommend not 
using the same test length of fibre more than once. As described in Chapter 5, any deterioration in 
the performance of a fibre suggests that modes of loss other than microbending have been induced.
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Fig 6.2, shows the closed and open format of a basket weave test winding drum. It is clear that while 
strain can be controlled and varied easily, the fibre does not experience a circle on the test. The 
experience of the fibre around the drum is alternately arcs and straight sections. This pattern leads 
to errors as the transition between straight and bent sections, (and visa versa), are a form of 
attenuation in their own right, again which have no relation to microbending.
6.3 The Microbend Test.
During commencement of the work, it became clear that the way to construct a microbend test was 
not to find the causes of microbending in cabled fibres and then attempt to simulate them. As 
described in Chapter 5, this approach would be impractical and ineffective. The solution to the 
problem was to find a way to induce microbends which were as pure as possible, away from the cable 
situation by any means available.
The discussion in 6.2, is the reasoning which lead to conclusions as to the design of the proposed 
microbend test, or its objectives. The winding tests were discarded on the basis of cost of equipment, 
amount of fibre used and loss modes induced.
Cost of equipment and manpower, (as stated in 5.2), would be high to produce windings whose 
quality would be below the required standards. The amount of fibre used would be prohibitive from 
a production perspective. There is little point in testing a fibre, (to the point where it can no longer 
be used for production purposes), if it will never be used. The reason for testing fibres is to assess 
their individual resilience to a certain effect, in this case microbending. Devotees of the winding tests 
would say that extra lengths of fibre are required for a proper microbend test, since in cabled fibres, 
microbends occur along their whole length. This is a fallacy in the same way as it is assumed often 
that a test should contain sharp bends, edge contact and fibre cross overs to induce the microbend
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effect correctly. It can be proven2 , that microbending is length independent. The implication of this 
is that the attenuation/m., in a test fibre, for example on a compression test caused by 2 N/m. will 
be the same regardless of the test fibre length. For this reason, the length of the test fibre is of no 
significance. All that is important is that a representative amount of microbending should be induced 
by the test regardless of length of test fibre, or method used. Finally, the loss modes induced by the 
winding test, as stated in 6.2, would be wide ranging. It is doubtful that any of the induced modes 
are microbending as described in this dissertation, and it was for this reason above all of the others, 
that winding tests were rejected as a feasible base design for the microbend test to be produced.
These reasons left only compression based tests as being feasible for the pure microbending 
inducement sought. For the reasons listed in 6.2, grit paper based microbend tests had to be 
disregarded, particularly with the short lengths used on compression tests. These deductions led to 
the conclusion that the best possible design for a microbend test would be a compression based test 
which incorporated mesh and a soft former as an integral part of the design.
The test described, would have several favourable design features which are discussed in 6.4. There 
were however, drawbacks to the design concept. These were:
• The common unit of attenuation is clB/Km. For the purposes of tests which often do not use 
fibre lengths which are multiples of Km.'s long, the normal unit is dB/m.
In a compression test for example, an amount of force is applied laterally to a length of fibre under test. The 
units used are N/m.
The attenuation induced on a test due to a certain applied force will therefore have the units:
dB/m. = d_B
N/m. N
That is, regardless of the length of fibre under test, attenuation due to an applied force will be the same.
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i) edge effects: a piece of fibre laid straight across a piece of mesh, would encounter the edges
of the test in two places. This would lead to the generation of spurious loss modes owing to a
variation in test conditions at these points).
ii) limited perturbation spectrum: a piece of fibre laid straight across a piece of mesh experiences
only one frequency of spatial perturbations. As discussed in 6.1, a full spatial spectrum is required
to fully simulate the conditions experienced by fibres in cables.
iii) position errors: positioning on mesh tests is essential. The fibre must be accurately positioned
with respect to mesh and applied force positions if the lateral position of a fibre on a mesh alters, the
fibre's experience will be altered. If the fibre angle changes, more fibre will be loaded, a greater
number of perturbations will be induced and the frequency of the perturbations, (which will be of
single frequency), will change. Any alteration of the fibre with respect to the load position, will
cause unequal and inconsistent loading, the implications of which could be harmful to the quality and
credibility of the results.
iv) incorrect choice of mesh: the mesh must be chosen and matched with the forming material,
the combination of which, while being coarse enough to perturb rather than compress the test fibre,
will be smooth enough to prevent spurious loss modes being accidentally generated.
v) compressive force uncertainty: the actual amount of force being applied to the test fibre as
discussed in 6.2, will remain an unknown quantity. The soft former and mesh will be pushed together
and will carry some of the force intended to push the fibre into the contours of the mesh.
6.4 Design of the Preferred Microbend Test.,
The discussion in 6.3, highlighted the mesh branch of compression microbend tests as being the most 
suitable test option to develop on. Fig 6.1, shows a standard mesh test, (incorporating a soft former). 
Fibre is laid straight across the mesh and force gradually applied to push the fibre down so that it
Page 6.14.
follows the contours of the mesh and microbending is induced. In the preferred test the novel 
approach of using a circle of fibre was adopted.
Advantages of this design, highlighted in 6.3, were:
i) a small amount of fibre is required for testing,
ii) the method was likely to lead to the most pure microbending of all available options,
iii) it induced no mechanical damage in the fibre under test. This meant that the criteria for
repeatability, described in 5.3, was met,
Modifications to the design had to be made in order to overcome the problems listed in 6.3, and to 
allow the test to meet all of the design criteria from 5.3. The final test design is shown in Fig 6.4.
The test finally used, consisted of:
i) a base plate:
The base plate forms a flat bed on which the test is based. Two posts were fixed into the base 
plate. The posts were designed to act as reference points for all successive layers so that 
everything above the plate was either located on the posts, or was fixed to something which 
was. The base plate therefore took on a much more significant role than in the more 
traditional microbend mesh tests.
ii) a microbend inducement.
The mesh which was intended to induce the required microbend effect, is shown on top of 
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accurate fit on the reference posts is achieved, without inducing undesirable friction which 
would Otherwise hold the mesh off the test fibre. The mesh is marked, so that the same 
orientation on the reference posts is achieved during every test. The grade of mesh is critical 
and the nature of the loss modes induced are a function of the interaction between it and the 
holding material. The selection of the type of mesh is discussed in Chapter 7. 
The loop of fibre fixed onto the soft former, (discussed below), is presented with a set of 
perturbations as consistent as could be achieved with the equipment. The loop, as described 
below allowed a wide spectrum of perturbation frequencies which was intended to yield equal 
attenuation across the whole spectrum of interest.
iii) the soft former,
The soft former is fixed to the top block. As stated above, its purpose is to induce the fibre 
to follow the perturbation pattern of the wire mesh. The material of the former was a 
compromise between hardness, which would prevent the fibre from retreating into it rather
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than following the contours of the mesh; and softness which would push the fibre into the 
contours of the mesh rather than simply crushing it against the high points of the mesh. Fig 
6.4, shows a circle drawn on to the surface of the former. The circle is marked in pencil and 
gives the location of the fibre to be tested. Because the former is fixed to the top bock which 
locates on the reference posts of the base plate, any fibre lying around the circle, will have 
an identical position relative to all other layers of the test. This will serve to improve the 
repeatability of the microbend test, and enhance the test's credibility. 
It was essential that the former was perfectly flat so that the fibre could not retreat from the 
mesh into it. The pencil circle provided a way of marking the former which would not 
damage its flat surface or alter its mechanical properties in any way. The flat, undamaged 
surface requirement of the former, meant that any test fibre had to be fixed to it, rather than 
using locating points on the surface. The method selected to hold the fibre under test in 
position around the circumference of the circle was tape. It was found that if a maximum of 
three pieces of tape, not more than 3 mm. wide were used, the attenuation measured in the 
test fibre during testing was not affected. The method was therefore to place the fibre on the 
drawn pencil loop and then fix it in place with a maximum of three pieces of tape. 
The reason for using a loop of fibre, was primarily to overcome the problem of perturbation 
frequencies. As described in 6.3, a full spectrum of spatial perturbation frequencies is 
required if attenuation is to occur equally across the whole electromagnetic transmission 
spectrum. Mesh tests have traditionally been rejected on the basis of only being able to induce 
a single perturbation frequency when a fibre was laid straight across them. The circle of fibre 
has several advantages. The circle ensures that rather than only one spatial perturbation 
frequency, the fibre will experience a wide range of frequencies because it encounters the 
mesh at all possible angles of intercept. The result is to cause the mesh to constantly alter its 
perturbation frequency, ensuring the fibre experiences as broad a range of frequencies as 
possible.
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The circle ensures that the directional inconsistencies normally associated with mesh test, (and 
discussed in 6.3), are eliminated, because the circle obviously has no dominant direction. 
From Fig 6.4, it can be seen that a section of the former has been cut away. The purpose of 
this is to prevent the test fibre cross over point, (which must occur when a loop of fibre is 
used), from being compressed by the test. Were the cut out not included, a spurious mode 
of loss would be induced, thus reducing the integrity of the results. The width of the cut away 
was chosen with consideration for two criteria. The first was that were it too large, the 
compression pattern of the mesh on the rest of the fibre under test would be altered. The 
second was that were it too small, when the fibre was bent back to bring it out of the test 
along the channel created by the cut out, the macrobend effect would be induced, again 
affecting the results.
The cut out, apart from preventing spurious loss modes from being induced in the region of 
the fibre cross over, held a number of advantages. The first was that it allowed the fibre to 
be placed at the centre of the test with no apparent alteration in results. This fact meant that 
the edge effects normally associated with a fibre at the edges of a compression microbend test 
where conditions are different to those experienced at the centre were avoided.
iv) a top block:
The top block as shown in Fig 6.4., has two holes drilled in it. These allow repeatable 
placement of the compressive force with respect to the rest of the test, and in particular to the 
fibre under test. The hole size was chosen so that good repeatability is achieved with 
minimum levels of friction being induced. It was essential that the holes be large enough to 
allow the block to move freely without the need for external lubrication. A lubricant would 
constitute an unwanted variable in the test which, as its level changed, would cause the 
effective compressive force applied by the top block to alter. The orientation of the mass was 
always the same on the test to further enhance the repeatability of the test.
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The top block constituted the first force to be applied to the test with additional masses 
subsequently being added to the centre of the top of the block. The centre of the block was 
marked and each additional mass, like the top block itself was lowered as gently as possible 
onto the test to prevent spurious loss modes or damage to the fibre under test being induced. 
While, as was stated in 6.3, the actual amount offeree applied to the fibre itself due to the 
spreading ability of the mesh and holding material, this was not a problem. With a fibre 
repeatably positioned with respect to the test, it is reasonable to expect that an amount of 
force applied through the top block will always induce a certain amount of compression in 
a fibre. For this reason, the amount of force applied to a fibre becomes academic and the 
investigation focuses upon finding the force which must be applied to the top block to induce 
the correct amount of microbending attenuation.
Examination of the requirements for the microbend test as detailed in 7.3, reflect well upon 
the solution presented here, the repeatability of the microbend test from the perspective of 
both the consistency of results, (due to the highly accurate positioning of components), and 
eliminating damage of fibres under test has been attained. The loop of fibre ensures that a 
broad spectrum of perturbation spatial frequencies will be attained, that all fibres will see the 
same spectrum, and that no spurious loss modes will be induced.
A pilot study, which is the subject of Chapter 7, was carried out to measure the performance 
of the microbend test against its objectives, before embarking on a full scale study of the 





On completion of the design and construction of the microbend test equipment, (as described in 
Chapter 6), a pilot study was carried out to assess the success with which the stated criteria and 
objectives had been met. Chapter 7 details the methodology of the pilot study and the results obtained. 
The objectives of the pilot study were to:
i) validate the microbend test which had been developed,
ii) give an indication of the performance and resilience of various fibre and coating types using
the test, 
iii) assess the feasibility of modelling fibre test performances mathematically,
At the conclusion of the pilot study, the results and methods used to validate the test were presented 
in the form of a technical paper at the 1989 International Wire and Cable Symposium, (IWCS), in 
Atlanta, Georgia, (Appendix A).
7.2 Initial Evaluation
Preliminary trials using the newly constructed microbend test, showed that the results obtained from 
test fibres varied greatly depending upon the wire mesh and holding material chosen. It was therefore 
decided that in order to optimise the results the microbend test was capable of producing, careful 
selection of mesh and holding material would have to be made. To this end, various wire meshes and
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holding materials were made available, with the intention of selecting the optimum combination during 
the pilot study.
Two meshes known to be non-destructive to test fibres, which produced differing test results were 
chosen. One was chosen because it was considered a "safe" mesh in as much that it was unlikely to 
induce spurious loss modes. This mesh came to be known as the "smooth mesh". The second mesh 
chosen was more rough to provide a comparison for the results produced using the smooth mesh. This 
mesh came to be known as the "rough mesh". It produced results which lay closer to the boundary 
of the microbend/macrobend dividing line.
The specifications of the meshes chosen were:
i) smooth mesh: 70 mesh; smooth drawn wire; 0wire =0.18 mm, 
ii) rough mesh: 20 mesh; smooth drawn wire; 0^ = 0.44 mm.
The holding materials, (soft formers), were chosen specifically for use with the meshes described 
above and were intended, given the meshes in use, to ensure that no spurious modes of loss were 
induced during testing. The holding materials were also chosen, as described in 6.4, for their ability 
to force the fibres onto the meshes and induce microbending without causing any mechanical damage.
The two choices for holding material finally made were:
i) vulcanised rubber: thickness = 4 mm; Shore A Hardness = 73-75, 
ii) paper card: thickness = 0.75 mm.
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Each test variation therefore contained a mesh and a holding material, and each test was carried out 
at both 1550 and 1300 nm. Each individual fibre was thus tested on four test variations, with each 
test being carried out at two wavelengths.
The final design chosen for the circle drawn on the holding material is shown in Fig 6.4. The 
diameter of the circle used was:
0=98.50 mm.
the circumference of the circle used was therefore:
cc =306.30 mm.
thus, with the cut away, the length of fibre tested was:
1=225.00 mm.
The circumference was chosen so that macrobending was not induced in the plane perpendicular to 
the circle axis, and it was ensured that the circle was placed centrally on the test to prevent edge 
effects producing any spurious loss modes.
Having defined the mechanical characteristics of the test, the remaining factors to be determined were 
the forces to be applied to induce microbending, and the method of data handling.
The force applied by the top block was 30 N. This was taken as the first level of applied force and 
was followed by incremental increases in force of 10 N. up to a total of 70 N. One set of readings
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would therefore be made up of the attenuations produced by forces of 30, 40, 50, 60, and 70 N. Five 
sets of readings were collected for each holding material/mesh combination giving a total of twenty 
five data values. The test was carried out at 1300 and 1550 nm. giving the total number of data points 
for all four combinations of holding material and mesh including both wavelengths as 200. The 
concept of the data system and the method of collecting data is explained fully in Appendix B.
Spreadsheets were used to store the data collected, and an excerpt from the spreadsheet relating to 
the 1550 nm. results from fibres on the rough mesh and rubber test is shown in Appendix C, along 
with the manipulative programming involved. Eight spreadsheets were used to store the data by test 
variation and light wavelength. It was necessary to split the results up to this degree because of the 
volume of data involved.
Once in spreadsheet format, it became a simple matter utilising the organisational power of the 
spreadsheets, to retrieve any number of fibre records as required, total the results as detailed in 
Appendix B 1 , find average values and plot results such as those shown in Appendix C and Figs. 7.1- 
7.4.
7.3 Validation of the Microbend Test.
The validation of the test involved comparing the capabilities of the new microbend test with the 
criteria which had been defined at the start of the work. Three criteria were applied to the test, which 
was required to fulfil all of them. The criteria were:
i) the microbend test must be highly repeatable,
1 Appendix B gives full details of the handling of test data and shows how it was used to 
produce performance graphs.
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ii) the spatial frequencies of axial perturbations induced must cover a broad spectrum, 
iii) the test must induce microbending as the sole mode of signal attenuation.
These criteria were discussed in detail in section 5.3. In 5.3 however, four criteria were given; the 
fourth being that the test should be completely non-destructive. This is now taken to be included in 
the criteria for high repeatability. Clearly, were the test causing mechanical damage to the fibres 
under test, the results produced would not be repeatable.
The repeatability, (and also non-destructiveness), of the four available test variations was assessed 
using standard fibre test procedure. As discussed in Appendix B, a normal fibre test involves taking 
five sets of measurements, ie. five individual measurements at each of the five applied forces, and 
taking each mean value to be the performance at that value of applied force. In order to assess
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repeatability and non destructiveness of the test, a tolerance was placed around the mean value at each 
applied force and the scatter of measurements throughout the tolerance range observed. Graphs 
displaying scatter of measurement throughout the tolerance range were produced for several fibres 
on each test variation, (Fig 7.5 is an example of one such graph displaying the five performance lines 
produced by a fibre of the rough mesh and card test at the 1550 nm wavelength). Examination of 
these graphs revealed the "normal" repeatability performance of each variation, and the merits of each 
variation's performance was then assessed from these representative graphs. Each of the graphs was 
examined to ensure that no trends in results existed between successive measurement sets. A gradually 
increasing set of attenuations would suggest for example, that mechanical damage or deterioration of 
the test fibre had occurred and that the test was therefore unacceptable. In this way therefore, both 
the repeatability and non-destructiveness of the microbend test variations were assessed using the same 
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The distribution of the perturbation spatial frequencies was assessed using the spectral analysis 
approach. As discussed above, if the spatial frequencies of the perturbations induced by the microbend 
test favoured any particular value, then where the wavelength of the light caused co-incidence with 
the beat length of the signal within the fibre, excessive loss would result at the corresponding 
wavelength. By examining the spectral traces produced by the test variations, it would become clear 
whether the perturbations were scattered over a wide or narrow spectrum. A smooth trace would 
indicate an "optimal"result where perfect distribution of perturbations had been achieved, while a 
single peak in attenuation would indicate only one frequency of perturbation would be expected for 
microbend tests which favoured straight pieces of fibre. It would be expected that the actual results 
would fall between these two extremes, with periodic emphasis on particular wavelengths. If the 
oscillations produced by the test in sample fibre's attenuation traces were judged to be acceptable, 
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have to be made.
The purity of the modes of loss induced by the microbend test were assessed according to the various 
incorrect types of modes the test was also capable of inducing. It was found that if a mesh which was 
too smooth was selected, that is one which would produce the least drastic perturbations in the test 
fibre, the test would produce a compression rather than a microbend effect. This was easily detected 
because the loads required in a compression test to induce significant attenuation are much greater 
than those required on a microbend test. Therefore, if the mesh were too smooth for the purpose of 
microbend induction, the attenuation observed on the test would drop dramatically.
If a mesh were too rough, the effect on the test fibres would vary from macrobend modes of loss in 
less severe cases to actual mechanical damage of the fibre in more severe ones. While the implications
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of choosing a mesh which was at the more severe end of the spectrum were significant, a bad choice 
could be easily detected and therefore the problem could be avoided. Meshes which were so rough 
that they physically damaged a fibre could be identified from a gradually deteriorating, or highly non 
repeatable set of results on the microbend test. In the worst cases, the fibre would fail and no signal 
would be received at all from the test.
Meshes which were too smooth, or too rough that they damaged the fibre could therefore be easily 
detected. The only remaining incorrect mode of loss which the microbending test was capable of 
inducing was macrobending. The method chosen to identify meshes coarse enough to induce 
macrobending but still not so severe as to induce damage in the fibre, relied on spectral attenuations. 
A general and coarse approximation for bend induced loss modes, is that in a system where the loss 
mechanism is either macro or microbending, if a spectral scan of attenuation were carried out, one 
of two conditions could apply:
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i) if the incremental change in attenuation observed at 1550 nm was greater than twice that at 
1300 nm, then the dominant mode of loss would be macrobending,
ii) if attenuation at 1550 nm was less than or equal to the attenuation at 1300 nm, then the 
dominant mode of loss would be microbending.
Given the criteria and the methods of assessing the test, validation trials were carried out. These are 
described in the following sections.
7.3.1 Repeatability of the Microbend Test.
As described above, repeatability was tested by examining the scatter of individual results about their 
mean value and tolerance limits applied about the mean. Repeatability was first examined using graphs 
such as that shown in Fig 7.5. Here, the average produced by the five sets of data was used to 
produce tolerances, (shown in the graphs), and the position within these tolerance limits of the five 
sets of data was then displayed. A "perfect", performance by the microbend test would mean that at 
each of the five applied forces, one point from each of the samples, five points in all, would appear 
superimposed on their mean value.
Examples of repeatability graphs for all test variations, at both the 1550 and 1300 nm transmission 
wavelengths are shown below, along with a full analysis of the repeatability results.
Figs 7.5 and 7.6, show typical results from the rough mesh and card test at the 1300 and 1550 nm 
wavelengths. It was found that repeatability on this test was consistently high, with all five readings 
at each applied force falling well within the ± 10% limits imposed by the figures shown. Clearly the 
average attenuations given at all applied forces were equally representative of fibre performance. 1300 
nm wavelength results on the rough mesh and card test were often more highly correlated about the
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mean value than the 1550 nm ones, suggesting that at 1550 nm, slight variations in test conditions 
became more significant than at 1300 nm. The 1300 nm results were therefore more likely to give 
consistent results, while 1550 nm results would give a greater spread while indicating more precisely 
the microbend susceptibility performance of fibres.
The greater susceptibility of fibres to minor variations in test conditions at 1550 nm was to be 
expected. The mode field diameter of the light in the fibre at the higher wavelength was much greater 
than at 1300 nm. A larger mode field diameter increases the percentage of the light signal carried 
outside the fibre core. A greater percentage of light outside the core, allows the critical point at which 
light begins to escape from the fibre is more easily attained. A less severe perturbation will be capable 
of causing light to escape, thus rendering a fibre carrying 1550 nm light more susceptible to 
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Figs 7.7 and 7.8, show the repeatability performance of the rough mesh and rubber test on a 
representative sample of test fibres at 1550 and 1300 nm. It is clear that the spread of the data is less 
consistent than had previously been observed with the rough mesh and card test. This suggested that 
the test was showing more susceptibility to minor variations in conditions which again might have 
pointed towards microbend modes of loss. On the rough mesh and rubber test, it was more common 
than on the rough mesh and card test to observe a reading which fell outside of the +10% tolerances. 
This effect was most common amongst fibres with low attenuation values and the lower levels of 
applied force. This suggested that while the qualities of the mesh and holding material used affected 
the repeatability of measurements, another important factor was the level of attenuation induced. The 
noise induced by the measurement equipment must have been of a level which hampered accurate 
measurement of induced attenuation levels. A constant level of noise would be proportionally more 
significant with respect to lower signal levels than to high level ones. Higher level signals would 
therefore have proportionally wider tolerances with respect to noise levels reducing the significance 
and effects of the noise; while at low signal levels, noise would induce wide variations in 
measurement or even no measurements at all.
The smooth mesh and rubber test repeatability graphs, (Figs 7.9 and 7.10), show the greater scatter 
common amongst test variations inducing lower values of attenuation. The smooth mesh and rubber 
variation shows a change from test behaviour as observed above: the 1550 nm wavelength results 
appear to give a higher repeatability than their 1300 nm counterparts. In order to show the greater 
spread of results produced by a lower attenuation inducing test, it was necessary to increase the 
tolerance limits of the figures to ±25%. Examination of the results within the wider tolerance bands 
show the effect of noise on the signal levels measured. The 25% tolerance limits appear to contain 
most of the measurement points at the 1550 nm wavelength. At the 1300 nm wavelength however, 
particularly the results at the lower applied force end, readings fall inside the base noise levels and 
are effectively lost. The severity of the problem is demonstrated by the fact that the higher applied
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forces should include a considerably larger accumulated measurement error due to the method of data 
handling, (explained in Appendix B), than the smaller applied forces. (The lower force results, unlike 
the larger ones are not the sum of several results and therefore should have a smaller accumulated 
error.) The smaller force results show a greater degree of scatter than the larger applied force 
attenuations. It can therefore be deduced that the potential repeatability of the microbend test produced 
is hampered by the measurement equipment used. Were equipment of a better quality available, 
repeatability results could be greatly enhanced.
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Figs 7.11 and 7.12, show the repeatability results from the smooth mesh and card test variation. The 
repeatability of the 1550 nm wavelength results, except at the 30 and 40 N applied force levels, was 
high enough to allow tolerances of ± 10% to be imposed. Clearly the card based tests yielded a high 
repeatability figure, which deteriorated when the level of induced attenuation dropped below the level 




















small enough to force widening of the tolerances to ±25%.
It had become clear that the level of background noise introduced by the measurement equipment was 
of the order of 0.1-0.2 dB. Thus any result which had an increment between adjacent readings or an 
absolute value of 0.2 dB or less should be discarded or examined closely on the grounds that 
measurement noise could have induced it. This conclusion is borne out by Figs 7.1-7.4. The lines in 
each of these graphs is a plot of results taken from a single sample fibre. The lines are the average 
of five individual sets of results.lt can be seen that the rough mesh and card results show mainly 
steady increases in attenuation with only occasional slight variations in line gradient. The 1300 nm 
wavelength average results lines showed less stability and more gradient changes than their 1550 nm 
rough mesh and card equivalents. The absolute attenuations involved as well as the increments, were 
smaller than at 1550 nm, and while the results could be expected to all fall within ±10% of the 
average values represented as lines here, it was clear that the 1550 nm results were more stable.
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While the 1300 nm results were known to be less susceptible to test variations than the 1550 nm 
results, the background noise was more significant with the lower level attenuations. It can be deduced 
that background noise is a more significant cause of result inaccuracy and that the quality of the 
results produced by the test could be greatly improved with a better measurement system.
The smooth mesh and rubber test average results lines' attenuations were much lower than those see 
with the rough mesh and card test. Results below the 0.1 dB mark show a greater tendency towards 
reduced stability. It is not unusual to observe reductions in average attenuation levels with increasing 
applied force at these levels. It is very unlikely that negative increments would result from increasing 
applied force, which suggests strongly that these results are incorrect and are adversely affected by 
measurement noise. If the errors induced are due to measurement equipment shortcomings, the cut-off 
point below which measurements have to be discounted due to excessive background noise levels 
would be the same for all test variations. For this reason, it has been possible to set a minimum base 
and incremental induced attenuation level and thus at this stage to highlight tests most likely to be 
rejected because their readings consistently fall short of the criteria.
The conclusions drawn in this section are summarised in section 7.3.4. 
7.3.2 The Spectral Distribution of Induced Perturbation Spatial Frequencies.
Much was made of the loop of fibre design which, in addition to improving repeatability and purity 
of loss modes, was incorporated into the test to ensure that induced microbend perturbation spatial 
frequencies covered a wide spectrum. This section seeks to assess the success with which the design 
achieved this goal. The success of the loop design was tested using spectral plots such as those shown
in Figs 7.13 and 7.14.
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Figs 7.13 and 7.14, show the spectral attenuations induced by two of the microbending test variations. 
Each figure shows the results obtained from a single representative sample fibre with each line 
indicating the attenuation observed at one applied force. The line representing the lowest levels of 
attenuation, relates to attenuation induced by an applied force of 30 N, (the lowest level of force), 
and the line showing the highest levels of attenuation, the greatest value of applied force, (70 N). The 
results lines between these two extremes, represent the attenuations induced by the remaining applied 
forces of 40, 50 and 60 N each force representing a higher level of attenuation across the light 
spectrum.
In the ideal theoretical case, the design would induce all possible frequencies of perturbation thus 
simulating more accurately the cabled situation. This situation would produce a completely accurate 
spectral trace line. The practical case could not be expected to achieve this perfect level of
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performance, and so each test variation was judged on its ability to perform as close to the ideal case 
as possible.
Because the mesh has a finite size and therefore the number of interactions between fibre and mesh 
is limited, all light wavelengths cannot be attenuated equally. It would be assumed that as the fibre's 
angle to the mesh gradually changed, the perturbation spatial frequency would increment at each 
interaction. Were a more rough mesh used, the increment between adjacent perturbation spatial 
frequencies would be larger. Results reflecting this, would show highly attenuated light wavelengths 
interspersed with large gaps of wavelengths which had been less severely attenuated. A smoother 
mesh would have a smaller incremental change between adjacent perturbation spatial frequencies and 
more interactions, effectively yielding a higher resolution when the spectral attenuation traces were 
measured. The effect would be to reduce the width of the lower attenuated bands of light, 
theoretically giving an attenuation curve which had a much higher percentage of higher attenuated 
wavelength bands. Before actual examination of the figures, theory would therefore seem to suggest 
that a smoother mesh would give a higher density of highly attenuated wavelengths leading to a 
smoother spectral attenuation curve.
Examination of Figs 7.13 and 7.14, shows that the fibre loop theory is correct. By placing a loop of 
fibre onto the wire mesh, the fibre interacts with the wire mesh at constantly varying wavelengths 
inducing perturbations covering a wide spectrum of spatial frequencies. The curves are as expected, 
with equal attenuation across the whole transmission window. Thus the range of spatial perturbation 
frequencies is of sufficient breadth to test telecommunication fibres. The large peak at the left hand 
side of both Figs 7.13 and 7.14, is a water absorption peak which is a feature of silica optical fibres, 
and which was not removed from the traces by the software of the measuring device.
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Fig 7.13 shows the rough mesh and rubber spectral attenuation trace. While the trend of the graph's 
lines is a smooth curve, oscillations in results are apparent. The lines, particularly those representing 
the attenuations from higher applied forces, show periodic raising and lowering of attenuation values. 
The higher forces of 60 and 70 N, show that the higher values of attenuation-those which are 
increased as a result of the perturbation spatial frequency in the fibre matching the beat length of the 
light travelling through it at that point-are interspersed with lower valued attenuations. The rough 
mesh induces perturbations whose spatial frequencies increment by large amounts which results in 
wide spaces in the higher attenuated wavelengths of light. It can be seen that the 60 and 70 N 
attenuation lines, appear to be a high level of attenuation interspersed with points of lower level 
attenuation. The majority of wavelengths are therefore highly attenuated as required. The lowest 
applied force, (30 N), line appears to be a set of lower level attenuations interspersed by an occasional 
higher level one. The significant peak on the 30 N line is the one at 1250 nm. This peak shows the 
level of attenuation which might have been achieved across the whole spectrum, had all wavelengths
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been highly attenuated. Because neither the 40 or 50 N lines show a peak at the 1250 nm wavelength, 
it can be deduced firstly that the peak was not normal for the test variation or force-that is were the 
test carried out on other fibres, a peak would not occur at this point; and secondly the high point of 
the 30 N line which crosses the two attenuation lines above it suggests that both the 40 and 50 N lines 
are also at the lower attenuation level. This theory is borne out by the attenuation patterns when all 
three low level applied force lines appear to rise and fall together between 1340 and 1380 nm. The 
lines will, given proper condition perform in a similar manner. The peak at 1250 nm is clearly a 
rogue result since it is not reflected in any of the lines, and it is reasonable to assume that below 
applied forces of 60 N, the test induces attenuations of lower levels, while at 60 N and above higher 
levels of attenuation result.
Observations from Fig 7.13 would seem to suggest that the microbending part of the loss mechanisms 
present at 60 and 70 N is mainly at the higher level attenuation which, while because of the roughness 
of the mesh increments the spatial perturbation frequencies coarsely, covers a wide enough light 
spectrum. The lower applied force lines, 30, 40 and 50 N appear unaffected by the mesh, which 
suggests that the microbending induced is most active only at a small number of wavelengths. Those 
wavelengths may be the most significant ones such as when the fibre is lying parallel or at 45° to the 
warp and weft of the mesh. These are clearly the largest of the perturbations, with other angles 
producing smaller perturbations which would require more force to encourage the fibre under test to 
be bent by it. The lower force lines are therefore being fully perturbed only at the major spaces on 
the mesh, while the smaller bends were unable to perturb the fibre until higher forces were applied.
Fig 7.14 shows the spectral attenuation on the smooth mesh and rubber test. All applied force lines 
on the smooth mesh and rubber test were elevated to the higher level of attenuation. This was shown 
by the fact that interruptions in the smooth attenuation line were dips rather than rises in the smooth 
line height. Wavelengths of light not covered by perturbation spatial frequencies, with lowered
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attenuations prove that the smooth mesh excites a broad range of frequencies at small increments to 
the higher level of attenuation at all applied forces.
Optimum coverage of wavelengths at the broadest wavelength window is to be obtained with the 
smooth mesh. An equally broad coverage but with larger gaps between raised attenuation wavelength 
bands is produced by the rough mesh.
7.3.3 Modes of Loss Induced by the Microbend Test.
The final test, that for the nature of the loss modes induced by the microbend test, was tested using 
a spectral plot.
Figs 7.13 and 7.14, show the spectral attenuations induced by the microbending test variations at each 
applied force. Each figure shows the results obtained from a single sample fibre with each line 
indicating the attenuation observed at one applied force. Again, the line representing the lowest levels 
of attenuation, relates the attenuation induced by an applied force of 30 N, (the lowest level offeree).
The figures show representative fibre results from the rough and smooth mesh and rubber tests. It was 
found that the attenuations produced by the card tests both contained a high degree of macrobending 
as evinced by attenuations at 1550 nm greater than twice the attenuations at 1300 nm on the spectral 
attenuation graphs. It was deduced that the card based tests made a bad match between holding 
material and mesh, and that the combination caused perturbations which were too severe. The card 
may have been too firm to allow the fibre to retreat into it slightly, thus allowing a lessening of the 
effects of the mesh. For this reason the tests were found to be non-conformant of the second 
requirements of the tests.
Page 7.22.
For the rubber based tests, the spectral attenuation traces merited closer inspection since both tests 
produced graphs which showed the dominant mode of loss to be microbending. For both Figs 7.13 
and 7.14, it can be seen that the attenuation at 1550 nm is less than or equal to twice the attenuation 
at 1300 nm.
The smooth mesh and rubber spectral attenuation graph, (Fig 7.14), shows that on this test variation, 
for all applied forces, the attenuation measured at 1550 nm is always twice the attenuation measured 
at 1300 nm. The prevailing mode of loss is clearly microbending. The rough mesh and rubber graph, 
(Fig 7.13), demonstrates that the selection of the rough mesh on the basis that it would produce loss 
modes which lay on the macro/microbending dividing line was correct. The lower applied forces of 
30 and 40 N yielded attenuation plots in which the attenuation ratios suggested microbending as the 
dominant loss modes. The higher forces of 50, 60 and 70 N tended to suggest that the additional 
applied forces had increased the severity of the perturbations induced and that this change had altered 
the loss mode emphasis from micro to macrobending. The soft rubber which was chosen so as to 
mould the fibre to the mesh profile rather than constrict it on the high points of the mesh, had induced 
bends so severe that they became the radii which induce macrobending. The large gaps between the 
wire allowed the significant bends to occur, where the smooth mesh or the rough mesh widi lower 
applied forces would have prevented it. From the point of view of microbend purity, therefore, the 
best option would appear to be the smooth mesh and rubber test or using low levels of applied force, 
the rough mesh and rubber test, using low values of applied force.
7.3.4 Interim Conclusions.
From 7.3.1., it was deduced that all variations of the microbend test were capable of yielding highly 
repeatable results. The opto electronic measurement equipment was found to be the limiting factor 
of the accuracy and hence the repeatability of the test. (Appendix J describes the monitoring
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equipment used and endeavours to quantify errors and noise levels produced by it.) When choosing 
the most suitable test variation, the levels of attenuation and the increments in attenuation had to be 
checked to ensure they were not overwhelmed by background noise levels.
From 7.3.2., it could be seen that both mesh variations when used with the rubber holding material 
induced perturbations across a very wide range of spatial frequencies and therefore made the test a 
more faithful reproduction of the conditions a fibre would experience in the cable, although a rough 
mesh using higher applied forces was accepted as producing the best performance from the microbend 
test with respect to this criteria. A smooth mesh, it was decided, was capable of inducing well 
distributed microbends across a very wide spectrum with a high resolution of frequencies. Lower 
applied forces on the rough mesh and rubber test tended not to yield higher level attenuations which 
characterised the "preferred" microbend result.
Section 7.3.3, describes how the smooth mesh test appears to induce very pure microbends for all 
values of applied force. The rough mesh and rubber test displayed microbending as the dominant loss 
mode at the lower applied force levels, which tended slightly to macrobending at the higher levels. 
The card test, while not generating the very pure microbends available from the rubber based tests 
were nevertheless capable of testing the fibres in a useful way. While the nature of the loss modes 
was unknown, it was reasonable to assume that amongst modes of loss active were macro and 
microbending and that the test was inducing its modes of loss in a very consistent way. The card 
based tests therefore constituted a good method of assessing the resistance of fibres to general modes 
of loss and might demonstrate the performance of fibres once in the more realistic environment of 
the telecommunications cable.
From these results, it can be deduced that the optimum combination of materials for microbend 
induction is smooth mesh and rubber. The constraints imposed by the measurement equipment through
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background noise, suggest that until better monitoring equipment is acquired, higher applied forces 
should be used to increase the attenuation levels and therefore reduce the proportional effect of the 
background noise.
An alternative would be to use the rough mesh and rubber test. If this were done, the level of applied 
force would have to be very carefully chosen. A force of 50 N would appear to be the best force for 
this variation, being a compromise between the macrobending evident at the higher applied forces, 
and the lower forces which do not tend to perturb fibres at the higher frequencies.
All test variations are useful for specific applications which can be basically subdivided according to 
holding material. The rubber based tests assess microbend performance, while card based tests 
measure general resistance to loss modes. The grade of mesh used appears to dictate the severity of 
the test, but does not alter the basic nature of the loss modes induced. As long as the specific features 
of the variations are borne in mind, all test variations can be used and may provide a useful insight 
into the performance of the optical fibre.
7.4 Performance of Various Sample Fibre Types on the Microbend Test.
7.4.1 Introduction.






In the technical paper shown in Appendix A, only three types of fibre were discussed. The reason for 
this was that only two Lycom fibres were tested during the pilot study and so were judged to be too 
few in number to draw any meaningful conclusions from the results. The fibres were included in this 
report on the pilot study however for completeness. As discussed previously, each manufacturer of 
fibre used a slightly different fibre/coating combination and these are discussed below.
OFU fibre was produced by the modified chemical vapour deposition, (MCVD), process and was a 
nominally matched cladding fibre. It had a single coating layer and the coating was designed to be, 
as with all fibres in the sample, mode stripping.
The Corning or Deeside fibre was produced by the outside vapour deposition, (OVD), process. It was 
matched cladding, double coat fibre.
The AT&T fibre, like the OFU examples was produced by the MCVD process, but had depressed 
cladding. The AT&T, like the Corning fibre was doubly coated.
The fourth fibre type, the Lycom fibre which was not discussed in Appendix A, was a MCVD 
produced fibre with matched cladding and a double layer of coating. The refractive index profiles of 
the first three types of fibre are discussed in Chapter 3. Lycom fibre profile was identical to the OFU 
shape in every respect.
For brevity, the convention for naming the fibres used in Appendix A will also be used here. Each 
fibre type will be described by a letter with the addition of the Lycom fibre. The naming system is 
therefore:
i) OFU, MCVD matched cladding, single mode fibre-Type A,
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ii) AT&T, MCVD, depressed cladding, double coat fibre-Type B,
iii) Corning, OVD, matched cladding, double coat fibre-Type C,
iv) Lycom, MCVD, matched cladding double coat fibre-Type D.
The analysis of fibre performances on the microbending test was carried out using standard 
techniques. Five sets of data were taken for each test variation and the average at each applied force 
was found. The procedure was carried out on each test fibre for all test variations and both 
wavelengths and the results are discussed below.
Although only two Lycom fibres were tested on each variation which did not constitute a 
representative sample of the fibre of that manufacturer, the fibre was included in the results graphs 
so that the full range of the work of the pilot study could be seen.
The purpose of this section of work was to investigate the comparative performances of each of the 
fibre types used in the study.
7.4.2. Results
The results from the sample fibres will be viewed in light of the conclusions drawn in section 7.3. 
with regard to the nature and quality of loss modes induced by the microbend test.
Appendix D shows graphical results from tests carried out on individual fibres during the pilot study. 
All fibres tested are represented in the appendix and results are shown from all four test variations 
and at both 1550 and 1300 nm light wavelengths. The results graphs were produced using normal test 
procedure with each line representing the performance of a fibre on a particular test variation and at 
a particular wavelength; and with the results from each fibre being the mean taken over five
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individual sets of results. The results shown in Appendix D are grouped by variation and by 
wavelength with the first two graphs in each category showing results from type A fibres, the third 
and fourth graphs in each category showing the results from type C fibres, and the fifth graph in each 
category showing the results obtained from types B and C fibres. On the fifth graph, the first seven 
results lines represent type B fibres and the last two result lines represent type D fibres. Along the 
right hand side of each graph are the identification numbers for each of the sample fibres with a key 
for point markers relating to the results lines. Each type of fibre, because it was from a different 
manufacturer, had a different numbering system. In the fifth graph in each category, the type B fibres 
can be identified from their long, three part numbers, while the type D fibres were the last two on 
the sheet whose identification numbers contain two hyphens.
For all test variations and for any sample fibre, the attenuation at 1550 nm was always greater than 
the attenuation at 1300 nm. The theoretical explanation of this effect is discussed in 7.4.1, and is 
verified experimentally here.
The first test variation addressed in Appendix D, is that of rough mesh and card. From 7.3, it was 
believed that the card tests, while not being a very pure source of microbend induction would be a 
rigorous test of general attenuation susceptibility and would yield highly repeatable results.
At 1550 nm, type A fibre results appeared to be more broadly scattered than any of the other types, 
(the scatter of type A fibre results and parameters will be dealt with fully in 7.5), although the 
average performances were broadly of the same order. It was seen that the average type A 
performance on this variation was better than the average type C performance. If the card test is taken 
to be a general test of attenuation susceptibility, (additional modes of loss including macrobending), 
then the conclusions drawn would appear to concur with those of [4.6], where it was reported that 
type A fibres showed a lower susceptibility to the macrobending mode of loss than equivalent fibres
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of type C. The type C fibres showed less scatter between fibre results than those of type A. It 
appeared that the results from the type D fibres, although only two were tested and so the sample was 
not highly representative, showed that these fibres produced results of comparable magnitude to those 
produced by the type A fibres. The best performance on the test was produced by the type B fibres. 
Here, a high correlation between the different fibre results was observed, and the attenuations 
produced were all lower than those seen for all other sample fibres, except one of the type A fibres.
The results measured at 1300 nm reflected those seen at 1550 nm, and the interrelations between the 
different fibre types appeared to remain intact. The same type A fibre which performed well at 1550 
nm, also displayed performance at 1300 nm comparable to the superior performance of the type B 
fibres.
The majority of results lines were straight, parallel and few cross overs between results lines 
occurred. This suggested that similar modes of loss were induced in all test fibres and that the 
variations in attenuation were due to parametric and design differences between fibre types.
The second variation of the test whose results are shown in Appendix D, is the rough mesh and 
rubber test. In 7.3, the rough mesh and rubber test was found to be less severe and to induce 
microbend loss modes which were more pure than its card based equivalent, although the 
macrobending evident in the card test was also present in the rubber variation at the higher applied 
forces.
From the results, type A fibre d9121361a3071 could again be seen to be producing very low 
attenuations, and consistency between corresponding fibre results from both versions of the rough 
mesh test was observed in fibre which yielded higher than average attenuations. The majority of type 
A fibres produced attenuations which were comparable to type C and D fibres. Type B fibres showed
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a duality in performance. Half of the sample showed exceptional consistency and very low levels of 
attenuation, while the other half appeared less consistent with attenuation performances which 
overlapped those of types A and C.
The rubber test was capable of inducing loss modes which were more purely microbending than the 
card based equivalent. It would be reasonable to assume that the type B fibre had a good resistance 
to general modes of loss, but was comparatively less resilient to the microbending mode of loss in 
the particular. This hypothesis was tested when the smooth mesh and rubber test variation, (which 
is also capable of inducing very pure microbends), is addressed, (see Appendix A).
1300 nm results from the rough mesh and rubber variation, like those from the card based equivalent 
mirrored very closely, with a number of exceptions, the 1550 nm performance. The type A fibres 
appeared more tightly grouped and the results lines straighter and more parallel, (except for the 
normally highly attenuating "rogue" fibres belonging to this type), at 1300 nm than at 1550 nm.
The improved correlation between type A fibre results at 1300 nm from 1550 nm, could be due to 
a varying mode field diameter at these wavelengths. The MCVD process might have a greater 
tendency to broadening the MFD at 1550 nm than the OVD fibres. Thus, whereas at 1300 nm the 
MCVD and OVD fibres have a similar performance perhaps with the MCVD fibres correlating better 
due to smaller MFD; at 1550 nm, the type A fibre's MFD could have increased sufficiently in size 
to affect the resistance of the sample fibres to the microbend effect. Even a minimal change in MFD 
would have a noticeable effect on the performance and may be due to the MCVD manufacturing 
process. The MCVD fibres appear to be inherently more resistant to loss modes of this type, and the 
cumulative effect of varying MFD and manufacturing process is much the same in each case. The 
greater inclination of the MCVD MFD to broaden at 1550 nm, is possibly due to the dip at the centre 
of the refractive index profile characteristic of MCVD produced fibres. The reduced central refractive
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index value might allow more power to spread at the higher wavelength. Were this the case, varying 
dip sizes between fibre samples would lead to differing performances on the microbend test thus 
producing the greater spread of results seen.
At 1300 nm neither type A nor type C fibres produced a low attenuation fibre whose performance 
was comparable with that of the bulk of type B fibres.
The fifth graph in the 1300 nm set for this test variation showed two examples of negative increments 
for increasing applied forces. The first was for the lowest attenuating type B fibre J3fa53605alrw 
b001207 6090. For the two highest applied forces, this fibre showed an average decrement, rather 
than an increment with increasing force. Because of the magnitude of the attenuations involved, it 
could be assumed that this decrease was due to measurement error introduced by the monitoring 
equipment via background noise, (as discussed in 7.3). This erroneous result could therefore be 
discarded and the necessary conclusions drawn form the remainder of the type B fibre results. Type 
B fibres maintained low attenuation performances and good consistency between the results from 
different fibres.The decrement observed on type D fibre 919-105-445, was more difficult to explain. 
In the two test variations so far examined, this fibre had consistently shown high attenuation. Clearly 
the fibre showed an above normal susceptibility to loss modes, but this did not explain the decrement 
observed. The attenuations induced in the fibre were sufficiently large to remove the significance of 
background noise, and since no error could be found in either fibre or results, the performance had 
to be accepted as correct. Examination of the 1550 nm performance of the same fibre revealed that 
a "dip" in the performance line occurred at the same applied force as the decrement on the 1300 nm 
results. This discovery further added weight to the theory that the decrement was a true representation 
of the fibre performance, although no reason could be found.
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The third variation in Appendix D is smooth mesh and card. At 1550 nm, the fibre lines appeared 
to be much more ordered than in either of the rough mesh tests above. The performance lines of the 
rogue fibres, while remaining distinct form the average group of fibres, did not demonstrate the 
instability or cross overs seen previously. Amongst all types of fibres, despite the apparent order in 
the results, there was a very much greater tendency towards scattering, which was particularly great 
amongst type C fibres whose spread was as broad in this variation as that of type A. The worst 
performing type C fibre displayed an attenuation which was greater for the first time than the worst 
type A fibre.
Clearly the nature of the loss modes induced by this smooth mesh test was radically different to those 
imposed by the rough mesh variants suggested high reproducibility of loss modes for all fibres, while 
the spread of attenuations hinted at high sensitivity to the changes of parametric profiles of the fibres. 
The highly attenuating fibres from all types had changed from those produced by the rough mesh 
variations, which pointed to radically different loss mode induction by this smooth mesh variant. The 
increments in attenuation produced by this variation showed a very great tendency to increase in 
magnitude with applied force. The lines of the fibres under test tended to curve so that they became 
steeper at higher forces to a greater degree than had been seen in either of the variations addressed 
above. This suggested that at the higher applied forces, spurious modes of loss such as macrobending 
were introduced and became gradually more significant. If the smooth mesh and card test, like the 
rough mesh variation was a test of general loss mode resilience in fibres, it would be expected that 
the non linear modes of loss such as macrobending would cause curves in the results lines such as 
those seen here.
On the smooth mesh and card test despite the broader spread of type C fibres, the performance of 
types A and C fibres appeared to be comparable at 1550 nm, and type D fibres appeared also to 
demonstrate similar performances. Type B fibres as had come to be expected, showed a superior
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resistance to the loss modes imposed by the test variation. Although the increments were small and 
background noise therefore proportionally more significant, this fact appeared not to affect the quality 
of results. The majority of lines produced were smooth and the same type of increasing gradient 
characteristic of the smooth mesh and card test.
The 1300 nm results as normal showed less scatter and lower attenuations than their 1550 nm 
equivalents. There was less similarity between fibres which constituted the rogue groups of 1550 and 
1300 nm results on the smooth mesh test than had been seen on either of the rough mesh groups. The 
mixed nature of the loss modes induced by the card variations of the test, suggested therefore that at 
1550 nm the emphasis of the loss mode set imposed by the test had subtly changed highlighting a 
different set of weaknesses in the test fibres. If the card tests are an indication of resistance to general 
loss modes, then both 1300 and 1550 nm results are useful because of the differing weighting imposed 
by the wavelength.
Type A and C fibres again demonstrated comparable performances with smooth curves of gradually 
increasing gradient in both cases. One of the type D fibres showed a performance comparable to that 
of the type A and C fibres, and one showed a performance equal to that of the type B fibres which, 
as normal were good. In the 1550 nm results one fibre from the type B set showed non typical results. 
The same fibre in the 1300 nm results returned negative increments when none of its peers had. 
Clearly in this test this fibre was behaving non typically and was thus producing results which could 
not be accepted. At 1300 nm the type A and C fibres showed comparable performances although the 
spread of type C fibre results was smaller than that of the type A fibres. The type B fibres 
demonstrated their high resistance to loss modes and the spread of results from the type D fibres was 
wider than had previously been seen.
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The last variation whose results are shown in Appendix D is smooth mesh and rubber. This was the 
least severe of the test variations and the very low attenuations on the y axes of the results graphs 
reflect this. The 1550 nm results graphs show that the type A fibres have the greatest scatter of the 
types tested. The same type A fibre as has been seen previously to perform well on other test 
variations again produced comparatively low attenuations. The rogue type A fibres were very strongly 
in evidence, although rather than being clearly distinct from the average groups of fibres, there 
appeared to be a gradual change from normal to rogue fibres which fell between the two performance 
groups had average attenuations and levels of instability. This imposed a different perspective upon 
the results. In the three previous variations, rogue fibres had been viewed as a separate performance 
group to the average fibres. This new development shows that the fibres lie on a spectrum of 
performance quality at one end of which are high performance fibres with high stability and low 
attenuation, and at the other end are rogue fibres with high attenuations and low stability. This 
demonstrates that the performance of fibres can lie anywhere on the performance spectrum,, but that 
the position of a particular fibre is determined by its primary parameter make up.
Type C fibres showed comparatively low scatter, and the attenuations measured in both types C and 
D were of comparable magnitude to those measured in the type A fibres. The varying degrees of 
scatter observed between different fibre types, if the above hypothesis is correct, must be due to the 
parameter make up of the fibres involved. If this assertion is correct, in 9.5, where fibre parameters 
are closely examined, type A fibres will exhibit a much wider parameter base than any of the other 
fibre types. The increased and more gradual scatter observed in type A fibres shows the sensitivity 
of the smooth mesh and rubber test which appears to be completely unhindered by background noise.
Type B fibres demonstrate the lowest levels of attenuation of any of the fibre samples. The stability 
of the results, even at the very low attenuations observed, shows how low the critical level is at which 
background noise becomes significant. Although the background noise was known to be present, at
Page 7.34.
these levels of attenuation, it was not the critical fact or determining instability. It was found that the 
position of the fibre on the "stability spectrum" determined both the stability and the attenuation 
performance of a fibre and that this position was determined by the parameters of a fibre. This 
hypothesis will be fully tested in 7.5 where a link between attenuations and parameter characteristics 
will be sought.
From the nature of the loss modes induced by the test, type B fibres was found to be highly 
microbend resistant. This disproves a hypothesis form the rough mesh and rubber test section, where 
it was deduced that the type B fibre showed a comparatively low resistance to the microbend mode 
of loss. Clearly the larger scatter observed previously on the rough mesh test was a product of 
spurious loss modes active on that test to which the type B fibres were proportionally more susceptible 
than had been preciously seen.
The variation shows less progressive gradient increase than was seen in the smooth mesh and card 
test. The changing gradient present also on this variation, suggests that rather than being caused by 
the various spurious loss modes, the effect was caused by the fine mesh. The holes in the mesh were 
small enough for the inherent stiffness in the fibres to prevent them from being forced into the mesh 
contours. The increasing force caused the fibre to more and more closely follow the mesh form and 
thus cause non linear increases in attenuation levels.
Examination of the highest attenuating type A fibres showed that they were different from those seen 
on the card variations. There was agreement between the worst performing fibres on both rubber 
tests, proving the similarity on loss modes induced by the rubber based tests. No similarity between 
the fibres which produced high attenuations existed on the card test variations, proving that the 
different meshes caused different loss modes to become dominant and therefore show deficiencies in 
different fibres.
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The 1300 nm results from all fibres as has come to be expected, show less scatter than their 1550 nm 
counterparts. The widest scatter in results was again seen in type A fibres which again pointed to the 
broadest parameter base belonging to type A fibres. The low attenuations involved at this wavelength 
indicated that of all variations and wavelengths, the smooth mesh and rubber test at 1300 nm was 
where the background noise became a disruptive factor in results accuracy. The instability of results 
extended to low attenuations, suggesting that the critical level of attenuation had been reached. At the 
1300 nm wavelength, no clear rogue groups of fibre existed and all groups tended to be 
predominantly made up of average performing fibres. The attenuations of both types A and C fibres 
was comparable to that of type A and type B fibres demonstrated the lowest levels of attenuation. One 
of the type Fibres exhibited an attenuation decrement with increasing force, but this was discarded 
and attributed to background noise interference.
Both smooth mesh test variations demonstrated little similarity between highly attenuating fibres at 
1300 and 1550 nm wavelengths. This was seen to be due to the fact that at 1300 nm, no clear rogue 
fibre group existed. The 1300 nm results were viewed as being indicative of the average performance 
of which a fibre type was capable; while the 1550 nm wavelength assessed the resistance to loss 
modes induced of particular fibres.
7.4.3 Conclusions.
A range of conclusions can be drawn from this pilot study, which cover several topics. These include:
i) the characteristics of each test variation and its applications in fibre assessment,
ii) the ability of the fibre types contained in the study to resist various modes of loss,
iii) and the quality of the measurement equipment used during the test.
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During earlier stages of the pilot study, there was concern regarding errors introduced in 
measurements by the background noise introduced by the measurement equipment. During 7.4, it 
became clear that background noise had very little effect on any but the smallest measured 
attenuations, (noticeably the smallest of those produced by the smooth mesh and rubber test at the 
1300 nm wavelength), and that it was more normal for the rogue fibres which produced higher levels 
of attenuation to produce less stable results lines. The levels of both attenuation and instability were 
deduced to be directly proportional and to vary as a direct consequence of variations in fibre 
parameters.
The difference in the scatter of results between 1300 nm and 1550 nm on all test variations led to the 
conclusion that while 1300 nm results indicated the performance of a fibre type as a whole-in effect 
the "normal" performance which could be expected when a particular refractive index profile was 
combined with a coating system-the 1550 nm results more indicated the performance of individual 
fibres. While 1300 nm results could be used to test the comparative performances of different fibre 
types, the 1550 nm results could test the comparative resistance of two fibres to certain loss modes. 
It had been found that the 1300 nm results were less sensitive to changes in fibre primary parameters 
and thus produced results where any variation in results were due to basic fibre mechanics or design. 
At 1550 nm, the results were considerably more sensitive to small variations in parameter make up. 
This was evinced both by the greater number of rogue fibres at 1550 nm and by the greater scatter 
of the "average" group of fibre's results.
Each test variation was seen to yield a slightly different set of rogue fibres. The only exception to this 
was between the two rubber based tests. Microbending was known to be highly active, (to different 
extents), in these tests and so some similarity between the fibres identified as rogues was expected 
and observed. Where a link between the rogue fibres existed, it was deduced that similar modes of 
loss were being induced in each case, ~(as with the rubber tests). Between the rubber tests and the
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card based tests, and even between the card tests themselves, little similarity in rogue fibres identified 
existed. The dominant loss modes amongst the general modes of loss induced by the card tests were 
therefore taken to be different both from each other and form the microbends induced by the rubber 
tests. This concurs very closely with what was predicted in 7.3.
Each of the rough mesh test variations shows high correlation between its rogue fibre results at 1300 
nm and those at 1550 nm. This link was not evident in the smooth mesh and card test. It was deduced 
that the loss modes dominant in the rough mesh and card test were more dependent upon the 
mechanical performance of the coating, and the general performance of the optical package, while 
the smooth mesh and card test was dependent more upon the interaction of the fibre parameters and 
how they affected light transmission. For this reason, the results from 1300 nm light highlighted a 
different set of rogue fibres to those at 1550 nm. The link between the 1300 and 1550 nm results 
from both rubber tests again pointed to the fact that only one mode of loss was dominant in both of 
these tests, and that it was microbending.
It was observed from the test variations, that where in the rough mesh tests a clear division existed 
between rogue and average fibre performances, it was seen that on the smooth mesh tests the dividing 
line was less well defined. This was concluded to be a measure of the sensitivity of the test variations. 
While the rough mesh tests induced only a few levels of performance, the smooth mesh tests, 
produced results where, rather than being either rogue or non rogue, fibres could fall anywhere along 
a performance "spectrum" line. At one end of the spectrum were the high performance fibres with 
their low attenuations and high levels of stability; while at the opposite end of the spectrum lay the 
rogue fibres with high attenuations and low stabilities. Average fibre performances would lie between 
these two extremes and the breadth of possible performances could be seen from the smooth mesh 
results graphs. Clearly the smooth mesh tests were more sensitive to minor parametric variations 
which in the rough mesh tests would cause no apparent change in results. It was decided that any fibre
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could lie anywhere upon the performance spectrum dependent upon two factors: its individual 
parametric make up; and the position of the spectrum of that fibre's normal average performance 
group position. The effect of parameter changes upon fibre performance will be more closely 
examined in section 7.5.
Throughout the study, all types of fibre except type B showed a similar average fibre performance 
group attenuation on all test variations. This demonstrated that for "normal" fibres the combination 
of fibre manufacturing process and coating package for fibre types A, C and D had a cumulative 
effect which offered similar protection in all cases to loss modes. Type B fibre showed a lower 
average group attenuation on all variations and at both wavelengths. This fibre type was seen to be 
the most loss resistant of all of the fibre types.
The results from type A fibre, of all fibre types tested, showed the greatest results scatter. This was 
attributed to a comparatively broad parametric spread for the type A fibres which, should such a 
spread exist, would tend to produce scattered results due to the parameter variations. The theme of 
parameter spread will be more closely examined in 7.5.
The results from types A, C and D fibres showed that the cumulative effect of the manufacturing 
processes and the coating packages used was to produce fibres with comparable loss mode resistance. 
The type B fibre process/coating package showed the highest resistance to loss modes of all of the 
fibre types tested. When high performance fibres of types A and C were tested, their attenuations 
were comparable to those produced by the type B fibres, although the average fibre performance 
always yielded higher attenuation.
Finally, it was seen that the rough mesh test's result lines tended towards straightness, while the 
smooth mesh tests were more inclined to produce lines which were curved. The curvature of the
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smooth mesh results lines was found to be more exaggerated in the card than in the rubber variation. 
It was concluded that on the smooth mesh tests, the small size of the mesh holes allowed the stiffness 
of the fibre to resist being forced into the mesh contours. The stiffness would resist up to a certain 
applied force and then progressively yield to the pressure. This would produce the curves seen. The 
straighter lines produced by the rubber test showed the greatest suitability of rubber over card as a 
holding material. Because the card was stiffer than the rubber, it was less able to force the fibre into 
the mesh contours. The rubber, because of its greater flexibility would mould the fibre at a much 
lower level of applied force thus producing straighter results lines.
7.5. Modelling the Microbend Test Results Mathematically. 
7.5.1 Introduction.
Examination of the results produced by the microbend test showed differing levels of attenuation being 
produced by different fibre samples. Because the test was known to be highly repeatable, variations 
in results would be concluded to have been caused by variations in the sample fibres. It could be 
assumed that each fibre had an individual susceptibility to the microbend effect and therefore to the 
effects of the microbend test. The performance and behaviour of each fibre on the test was completely 
individual and dependent on the characteristics of that fibre. Geometrically, all fibres were identical 
to very rigorous tolerances and so the critical factors dictating the fibre microbend susceptibility must 
have been its optical parameters.
If the assumption that fibre susceptibility to the microbend effect is dependent upon the individual 
parameter "signature", of that fibre is correct; the performance of a fibre on the microbend test should 
be predictable. The parameters, both primary and secondary of a fibre are measured and recorded 
throughout the production process. Given a complete knowledge of the fibre signature, and assuming
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a linear relationship between the fibre performance and its parameters, it would not be unreasonable 
to assume that the performance of fibres on the test could be predicted from a knowledge of its 
parameters.
Using regression, a mathematical relationship between performance and parameters could be 
established and once established, this relationship could be used to predict the performance on the test 
of new fibres.
The theory was tried using the pilot study fibre sample. Fibre test performance on each test variation, 
at each light wavelength and at each applied force, were regressed against each recorded fibre 
parameter in turn. Parameters used included cut off wavelength, mode field diameter and a range of 
refractive index parameters. The results from this set of trials proved unsuccessful. While some 
correlation between performance and parameters was observed, the correlations were not great enough 
to suggest reliable prediction of performance on any of the test variations.
Inspection of the results suggested that although some agreement existed, the correlation on any one 
parameter was not sufficiently large for it to be adopted as being indicative of the fibre's performance 
on the microbend test. It became clear that while fibre performance on the microbend test was 
dependent upon the variations in parameters, it was not individually related to any one of the 
parameters. It was dependent rather upon the variation in several parameters to a greater or lesser 
extent. Single regression could not adequately describe a multi-faceted relationship of this kind and 
so was abandoned. In its place multiple regression was adopted.
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Multiple regression involved the linking, via formula of the form:
y=a1x 1 +a2x2 +a3x3 +....
where y= a dependent variable. 
x 1 ....x n = independent variables. 
a 1 ....an =independent variables.
The y value would be the value to be predicted, at this stage the measured attenuation on a test 
variation, at a particular wavelength, at an applied force; the x values are the free, (independent), 
variables in this case the fibre parameters; and the a values are constants added to the independent 
variables to make the formula equate. Computer packages available were capable of taking an 
independent variable and matching it to several independent variables. This type of computer produces 
correlation coefficients which allow assessment of the accuracy of the regression model produced.
Several multiple regressions of this kind proved to have very low values of correlation between 
predicted and actual results. It was realised that all of the independent variables were not contributing 
favourably to the accuracy of the regression model. A more intelligent modelling method was 
required. Methods used so far inserted all independent variables regardless of their effect on the 
model accuracy. A system which weighed the effect of each independent variable and inserted only 
those which would improve the model accuracy were required. The method finally adopted was that 
of stepwise multiple regression. The method involves the selective incorporation of independent 
variables in the regression model dependent solely upon their contribution to its accuracy. The method 
of multiple regression is explained fully in Appendix E.
Having established the multiple regression methodology, The dependent and independent variables 
were collected as a single data file. The y variables were the test results from all fibres on all test 
variations at both wavelengths and at all applied forces. One dependent variable column might 
therefore be titled 1550 nm rough mesh and rubber test at 50 N applied force.
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The independent variables were simply columns of fibre parameters. Variables included at this stage 
were:
i) cut off wavelength,
ii) mode field diameter (1300 Gaussian),
iii) mode field diameter (1550 Gaussian),
iv) mode field diameter (1300 Petermann),
v) mode field diameter (1300 Petermann),
vi) AN (actual),
vii) AN (calculated),
viii) dip size (actual),




Each of the y variables then had a multiple regression carried out on it against the independent x 
variables.
Despite an increase in correlation coefficients, the accuracies of the models produced remained too 
low for predictions with reasonable confidence levels to be made using them. In 7.4, it was 
discovered that each fibre manufacturing type/coating package had a different "average" or normal 
performance range. It was decided that while parameters could be used as independent variables to 
completely describe the fibre itself, no quantitative information was available which could describe 
coating variations, the effect they had upon light transmission or the degree of protection they offered 
against loss mode such as microbending. Clearly no model whose independent variables inadequately 
described the system they were attempting to simulate, could hope to achieve high correlation levels. 
While the fibre coating packages remained uncategorised or quantified, a model would not be 
assembled which produced adequate correlation levels. The solution, it was decided , lay in separating 
the fibres by coating and manufacturing type. In this way it was hoped that the coating would not vary
2 Concentricities refer to those of the core as described in Chapter 2. Tan and blue refer to 
opposite ends of the fibre preform, (MCVD process, Chapter 3). The blue end is the start end of the preform 
when it is on the deposition lathe, (the cooler end), the tan end is where the burner finishes its traverse run, 
making it hotter.
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in any way within a regression sample. This approach assumed complete homogeneity throughout the 
coating of a manufacturer, but this was viewed as being valid on the grounds that a) coating was 
continuously extruded on to the fibre leading to very consistent coverage, and b) were the assumption 
not valid, correlations would remain low.
Stepwise multiple regression was carried out on all fibre types separately. The sample was random 
and so no prior knowledge of the spread of each parameter within a fibre type was available. 
Correlation high enough to justify a reliable model was obtained only for type A fibres. Inspection 
of the parameter sets of each of the fibre types revealed that in the cases of fibre types B and C, (type 
D was not regressed since only two examples of the fibre type had been tested), the random selection 
procedure had produced parameter spreads which were very narrow. The only fibre type whose 
parameter base was of a width which allowed successful regression was type A. Because the selection 
procedure was random, no conclusions could be drawn form the parameter spreads themselves, only 
that chance, (and possibly the larger size of the type A sample), had yielded a sample whose 
parameters were conducive to regression.
The remainder of 7.5, is dedicated to the analysis of results produced by stepwise multiple regression 
of the type A fibre test results on all variations at both wavelengths and all applied forces against their 
parameter set.
7.5.2 Results
Four test variations were in existence and tests were carried out at two wavelengths on all variations. 
32 individual regressions were therefore carried out on the results which yielded a very large volume 
of data. For brevity, it was felt necessary to summarise the results obtained rather than show them
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in full, although an example of a regression which works through each step and explains the salient 
terms and definitions is shown in Appendix E.
The purpose of the pilot study has not been to develop a regression model, but to assess the feasibility 
of the project and to give an indication of the required direction for the remainder of the project. The 
results have been directed towards this end and so are ostensibly concerned with deciding the 
probability of successful results being obtained form future work in this field.
Tables 7.1 - 7.4 below summarise the stepwise multiple regression results obtained from the type A 
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It is clear that all test variations are capable of producing regression models which have a high level 
of correlation with the measured values. Low levels of significant F and significant t demonstrate the 
improbability of the relationships which were established coming about by chance. These consistently 
low measures add further credibility to the models and suggest that were a more comprehensive study 
carried out, suitably accurate predictive models would result. It became clear that the investigation 
should take the type A fibres, broaden the sample, increase the sample size and carry out another 
series of multiple regressions.
Hypotheses stated in 7.4 which attributed the spread of type A test results to the broad base of fibre 
parameters contained in the sample were proven to be correct. While the random sample produced 
a relatively broad scatter of results lines in section 7.4, in section 7.5 it was this which allowed the 
regression to be carried out successfully of type A fibres. It proved that should it be required, a model 
could be developed for may fibre/coating combination providing that the sample used to develop the 
model was suitably chosen.
The type A fibres selected for the main study will be chosen so that a broad parameter base exists 
which will allow predictive models to be constructed. In future work where similar models are 
developed for other fibre types, similar precautions will be taken.
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2,6 The Pilot Study-Review.
In the course of the pilot study, three basic areas were investigated;
i) The quality of the microbend test produced and the particular virtues and applications of each 
of its variations,
ii) A comparison of the performances of four types of fibre manufacturing type/coating 
combination,
iii) Examination of the feasibility of a model capable of predicting the performance of fibres on 
the microbend test variations.
The results and conclusions relating to these three topics have been extensively discussed and 
conclusions drawn in the preceding sections. The aim of section 7.6 is therefore to use the conclusions 
drawn throughout the pilot study to deduce the best future course of work for the main part of the 
project.
One of the initial intentions of the project was to develop in an assessment of the comparative 
performances of various fibre types. On completion of the pilot study, it was felt that this topic had 
been adequately addressed and that no further advantage would be gained form additional comparison 
of results form different fibre types. The type D fibres were not included in this statement as only two 
had thus far been tested, but it was felt that the test for this fibre type could be made as a separate 
mini project and did not constitute a section in the second part of the project.
The emphasis of the project was therefore shifted to modelling fibre performance. It has been shown 
above that the microbend performance of fibres may be modelled from their parametric make up. It 
was also seen above that the performance of fibres on the card based tests which induced general loss
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modes could also be modelled in the same way. It was felt that the card based tests might assess the 
resistance of fibres to the multiple loss modes they would experience during the cabling process. Were 
this the case, it would be possible not only to model production increments and attenuations against 
test results, but also against the parameter sets already developed.
It was decided therefore that the second part of the project would involve the linking of the following 
three bodies of data:
i) data A: the attenuations measured in fibres at each stage of the production process and at both
wavelengths and the increments between them,
ii) data B: the primary and secondary parameters of the fibre in the sample measured throughout
its production,
Hi) data C: the test results taken for all applied forces, at both wavelengths on all test variations.
Table 7.5 shows the regressions which will be carried out.
These regressions will be carried out on data sets greatly increased in size, and relations will be made 
thus:
i) the performance of fibres in the production process will be related to the parameters of the
fibre,
ii) the performance of fibres of the test variations will be related to fibre parameters,
iii) the performance of fibres in the production process will be related to the performance of












Table 7.5. The Stepwise Multiple Regressions to be Carried Out During the Main Study to Link the
Various Bodies of Data.
It is hoped that these relations will allow:
i) the redefinition of specifications so that, (to within set confidence limits), only fibres that will 
pass the end specifications for telecommunication cables will be used,
ii) graphs will be drawn which allow the prediction of finished cabled fibre attenuations given 
either the parametric signature of the fibre, or the results of fibre on one of the test variations.
Clearly for this type of situation to be achieved, a large body of data in which there is complete 
confidence must be assembled. The main study will begin by assembling a large accurate data base 
which will allow accurate modelling in all three cases to take place.
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CHAPTER 8.0.
DEVELOPMENT OF A PREDICTIVE MODEL FOR MICROBEND 
AND CABLED FIBRE PERFORMANCE.
8.1 Introduction
From Chapter 7, the possibility of predicting the performance on the microbend test of the type A 
fibres appeared to be a real possibility. Several of the applied force values could be modelled using 
combinations of parameters of the sample fibres to what appeared to be high levels of confidence.
During the pilot study, only type A fibres were modelled since each manufacturer incorporated a 
different coating type with different characteristics. Because no qualitative values capable of 
describing the coating characteristics could be found steps were taken, as far as possible, to achieve 
homogeneity of coating across the fibre sample. This was done by using the fibre from only one 
manufacturer in the fibre sample and therefore only one type of coating. This approach theoretically 
eliminated variables due to coating variation from the model but made the assumption that all coating 
applied by the chosen manufacturer had identical properties. This assumption was clearly incorrect, 
but because of the chemical nature of the coating, the methods incorporated to apply it to a fibre and 
the standards to which the coating material was expected to comply: the assumption was taken to be 
valid to within acceptable levels of variation. Modelling within the second part of the project therefore 
centred upon type A fibres. It was intended that should the modelling processes be successful, the 
fibre/coating combinations produced by other manufacturers would be addressed, with the final 
intention of incorporating all models into one overall calculation which would assess levels of 
microbend performance in a test fibre regardless of manufacturer or coating style.
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Thus far, the project had dealt only with the design and integrity of the test and with the production 
of the performance of fibres upon the test. The pilot study had established that the loss modes active 
in cables were of a complex nature and that no accurate, repeatable method could be designed which 
would simulate these effects. Following the success of the pilot study in modelling the behaviour of 
fibres on the microbend test, the researcher therefore felt justified in extending the field of interest 
to include fibres in cables. If it were known that no test could be made which would adequately 
describe the experiences of fibres in cables, re-direction of the study of the performance of cabled 
fibres might reveal some pattern which would allow prediction of fibre's performances.
It was realised when this approach was adopted, that the study of pure microbending had been used 
to its full extent and that combinations of loss modes imposed on a fibre during the cabling process. 
Because the study began by centring upon the microbend effect, the success of the pilot study meant 
that the microbend test would continue to be researched; however the scope of interest of the project 
had now been broadened to include the real as well as the theoretical investigation.
8.2 Methods of Analysis
As stated in 8.1, the investigation was broadened for the main study to include both the microbend 
test and the case of cabled fibres. In effect, the research addressed one mode of loss in its purest form 
as well as the multiple attenuation sources seen by optical fibres in cables. It was hoped that the 
methods and techniques used successfully in the pilot study to predict microbend susceptibility, could 
be directly transplanted to both larger samples for microbend investigation and to the real situation 
of multiple loss inducements as seen in cables.
Fifty seven type A fibres were chosen at random from normal cable production and three sets of data 
were assembled on them. The first body of data was made up of the parameters of the fibres in the
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sample. The values used included both primary and secondary parameters and were intended to 
completely describe the silica glass of the fibres. As stated above, no account could be taken of the 
properties or influence of the acrylate coating on the fibre. The coating of each fibre type was 
however taken to be consistent-hence the use of only type A fibres in the sample. The second set of 
data was made up test results from the microbend test measured at both 1300 and 1550 nm and on 
all four test variations. The data was of the form used in the pilot study and was recorded in data 
spreadsheets in exactly the same way. The third set of data recorded the attenuations measured in the 
test fibres at each stage of the cable production process. In producing optical cables of the loose tube 
variety as previously discussed, construction stages are as follows:
i) stage 1: fibre imported into the factory,
ii) stage 2: fibre inserted into loose tubes,
iii) stage 3: multiple tubes and necessary fillers stranded around central strength member
and interstitial filler and paper tape applied,
iv) stage 4: sheath core in metal tape and final plastic sheath.
It was felt that two effects would be significant in the process attenuations of the fibres. These were 
the fibre's susceptibility to the cable induced loss effects and the experiences of the fibre when 
inserted into a cable. It was felt that a fibre's susceptibility to loss modes would manifest itself as a 
high increment in attenuation between stages of the process, while the quality of the cabling process 
and its effects upon a fibre would be reflected in the absolute attenuations observed in fibres at 
various stages of the process. Therefore, in order to monitor and attempt to quantify both the 
susceptibility of fibres to loss modes and the variation in experiences imposed on fibres by the cabling 
process, both absolute and incremental attenuations at each stage of the process were recorded. The 






















1550 nm stage 1 attenuations, 
1550 nm stage 2 attenuations, 
1550 nm stage 3 attenuations, 
1550 nm stage 4 attenuations, 
1300 nm stage 1 attenuations, 
1300 nm stage 2 attenuations, 
1300 nm stage 3 attenuations,













Body A: absolute and incremental attenuations 
measured as the fibres progressed through the various
stages of the production process.
Body B: fibre parameters-the primary and
secondary parameters describing the silica glass fibres but
omitting descriptions of the primary coating layers.
Body C: the results measured on the four variations
of the microbend test at both the 1300 and 1550 nm light
wavelengths.
Table 8.1 Summary of the Main Data Sets.
All possible attenuations, both incremental and absolute were included in the data file; and all 
measurements were carried out at both 1300 and 1550 nm. In this way, it was hoped that every
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opportunity had been provided for the effects of the fibre susceptibility, or the cable quality to 
manifest itself in a meaningful and controlled manner.
After collection of the data therefore, three bodies of data existed:
It was proposed that an attempt be made to establish a link: firstly between the cable performances 
of the fibres and both the fibre parameters and the test results; and secondly to verify the results of 
the pilot study by attempting to link the results obtained from the microbend test to the parameters 









Table 8.2 Pairs of Data Sets between which Links were Sought using Stepwise Multiple 
Regression.
The procedure, if successful would firstly allow the prediction of fibre susceptibility to the multiple 
loss modes active in the cabling process. This regression allowed for the fact that microbending was
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one of many loss modes active and that to investigate the cable performance of fibres, the opportunity 
had to be allowed for other loss modes to be taken into account. The second regression was used in 
order to take into account the fact that while multiple loss modes were active in cables, microbending 
might have been the predominant one or the one most likely to vary with fibre parameter. Were this 
the case, the relationship between microbend test performance and cable performance of fibres would 
be very close. The first regression was a repeat of that carried out in the pilot study and sought to 
reproduce the results obtained and enhance the accuracy of the model. Were the regression of data 
sets A against C successful, this final C against B regression would finally eliminate the need to carry 
out the test and would allow, through prediction of microbend test results from parameters, the 
prediction of cable performance from microbend susceptibility. It was felt that by broadening the 
scope of interest in this way, all possible opportunities for the regression to establish a relationship 
had been given.
8.3 The Performance Data-base
It was assumed that because of the wide variation in sample parameters yielded by the fibre sample 
of the pilot study, the random selection of fibres for the main research would yield a parameter spread 
of similar breadth and range. Examination of the final parameter spread of each sample showed this 
to be the case. From this observation, it is clear that any low correlation results could not be 
attributed to a variation in the "character" of the fibre sample.
As discussed previously and in Appendix E, the regression system used was stepwise and linear. For 
this reason, if relationships such as x-, or 1/x, linked the dependent to the independent variables, the 
computer would fail to recognise it and successfully incorporate it into the model. It was felt that the 
accuracy of the pilot study model might have been improved by the introduction of the more complex 
relationships and it was felt that the accuracy of the model could not be jeopardised by the omission
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of such data. In order to remove this possibility and improve the probability of establishing the 
required relationships, variations of the basic data set were inserted into the data base. Because the 
parameter information was used as independent variables for the regressions of both the test results 
and the cable performances, it was felt that variations to the basic data set should be built into the B 
body of data-the fibre parameters. The parameter data set for the main project therefore basically 
contained the following values:
i) Cut off wavelength,
ii) 1550 nm Petermann MFD,
iii) 1550 nm Gaussian MFD,
iv) 1300 nm Petermann MFD,
v) 1300 nm Gaussian MFD,
vi) delta N (actual), 1
vii) delta N (relative),
viii) Dip size (actual),




Thus data set B contained twelve groups of data. This set of "normal", data was then supplemented 
by variations of it which were intended, as discussed above to maximise the opportunity of 
establishing a relationship. Additional groups of data added to the original set were:
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This increased the number of data ranges in the data set from 12 to 72. For the main part of the 
regression, the base 12 variables were employed and the need for the enhanced data set would be 
noted.
8.4 Regression
57 fibres were tested for the main project. This large sample size meant that the 1 % significance 
level2 for the correlation coefficient, r, dropped to 0.3083. Thus, in the regression, r had only to be 
30% or greater for significant correlation to have been achieved.
Tables 10.3-10.5 shows the level of correlation coefficients for each regression carried out during the 
multiple regression.
Table 10.6 is a key to the abbreviations used in Tables 10.3-10.5.






















































Table 8.3 Regression carried out relating cabling performance of fibres against their parameters, (data 





























































































Table 8.4 Regression carried out relating fibre test performance against fibre parameters, (data groups 



















































































Table 8.5 Regression carried out relating cabling performance of fibres against their test 


















Data Group A- 
cabling 
performance.
1550 nm fibre 
attenuation
1300 nm fibre 
attenuation
1550 nm tube 
attenuation
1300 nm tube 
attenuation
1550 nm tube 
attenuation
1300 nm tube 
attenuation
1550 nm sheath 
attenuation
1300 nm sheath 
attenuation
1550 nm fibre- 
tube attenuation
1550 nm tube- 
sheath 
attenuation
1550 nm strand- 
sheath 
attenuation
1550 nm fibre- 
strand 
attenuation
1550 nm tibre- 
sheath 
attenuation
1300 nm ribre- 
tube attenuation
1300 nm tube- 
strand 
attenuation





















Data Group C- 
fibre tests 
performance
1550 nm rough 
mesh and rubber 
test-30 N
1550 nm rough 
mesh and rubber 
test-40 N
1550 nm rough 
mesh and rubber 
test-50 N
1550 nm rough 
mesh and rubber 
test-60 N
1550 nm rough 
mesh and rubber 
test-70 N
1300 nm rough 
mesh and rubber 
test-30 N
1300 nm rough 
mesh and rubber 
test-40 N
1300 nm rough 
mesh and rubber 
test-50 N
1300 nm rough 
mesh and rubber 
test-60 N
1300 nm rough 
mesh and rubber 
test-70 N
1550 nm smooth 
mesh and rubber 
test-30 N
1550 nm smooth 
mesh and rubber 
test-40 N
1550 nm smooth 
mesh and rubber 
test-50 N
1550 nm smooth 
mesh and rubber 
test-60 N
1550 nm smooth 








1300 nm strand- 
sheath 
attenuation
1300 nm fibre- 
strand 
attenuation
1300 nm fibre- 
sheath 
attenuation
1300 nm smooth 
mesh and rubber 
test-30 N
1300 nm smooth 
mesh and rubber 
test-40 N
1300 nm smooth 
mesh and rubber 
test-50 N
1300 nm smooth 
mesh and rubber 
test-60 N
1300 nm smooth 
mesh and rubber 
test-70 N
Table 8.6 Key to Tables 10.3-10.5. giving definitions of data codes. 
8.5 Analysis
The strongest and most consistent links can be seen in the regression carried out between the 
microbend test and the parameters. It is clear that the conclusions of the pilot test were valid and that 
even at the exacting levels of significance chosen as criteria for the test, the parameters still provide 
an accurate model of fibre performance on the test. Each wavelength/test variation combination 
yielded distinct sets of results. The results could be discerned both by magnitude of r and by the 
independent variable chosen as being most significant. It could be deduced that each variation tested 
for slightly different things.
The two principle independent variables chosen were mode field diameter and cut off wavelength. The 
close relationship between these two variables meant that they were mutually exclusive and each test 
required only one or the other to describe it. Both of these variables described the width of the light 
beam travelling along the fibre and by implication therefore, the amount of light carried outside the 
fibre core most likely to "leak" from the fibre during perturbation.
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The fact that different microbend tests were described by different descriptions of mode field diameter 
suggested that rather than being directly proportional to one another, the values of mode field 
diameter varied independently. They must have been determined by differently primary fibre 
characteristics.
The highest levels of correlation between the data sets C and B, occurred for the 1550 nm smooth 
mesh and rubber series. In this test, there was a significant tendency for multiple independent 
variables to have a direct effect upon the dependent variable. This absence of this trait amongst the 
other test/light wavelength combinations, suggested that the mode of light active in the smooth mesh 
and rubber test at 1550 nm were markedly different to those active in the other tests. This tends to 
suggest that the smooth mesh and rubber test at the 1550 nm wavelength was not producing 
microbends as pure as those in the other three cases.
Throughout the 1550 nm smooth mesh and rubber test regressions, the concentricity at the tan end 
of the fibre preform was constantly a significant factor. This variable was felt to be most relevant 
when the fibre was being compressed and lines of stress in the fibre cross section caused signal 
attenuation by polarising it. The reason tan end and not blue end concentricity was always chosen may 
have been because the majority of test fibres were coincidentally selected from the "tan" end of the 
fibre preform, although there was no way to verify this hypothesis. The consistent inclusion of the 
concentricity variable suggested compression in the 1550 nm smooth mesh and rubber test which 
verified the above theory that the loss modes active in this test were radically different to those in the 
other variations. Both the rough and smooth meshed 1300 nm tests returned concentricity as being 
significant at their lowest level of applied force. This was expected at these lower levels of signal, 
the pressure would simply compact the fibre rather than force it to follow the form of the mesh. At 
higher forces, the effect was no longer evident. It was concluded that the 1550 nm smooth mesh and 
rubber test was the least indicative of microbend susceptibility of all of the tests assessed here.
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The actual dip size was seen amongst the significant independent variables in the 1300 nm smooth 
mesh and rubber regression. The actual dip size was simply a measure of the depth of the dip in 
refractive index at the centre of the core of an MCVD fibre, as distinct from the calculated dip size, 
which measured the area of the cone formed in the core refractive index peak by the dip. It can 
therefore be concluded that it is the depth of the dip, rather than any other characterised of it which 
affects the radius of the light beam travelling along the fibre and therefore the tendency of that fibre 
to "leak" light.
The 1300 nm results from both the rough and the smooth mesh tests could be seen to be almost 
identical. They exhibited both identical correlation coefficient values at each applied force, and used 
the same independent variables. This suggested that both were testing for the same loss modes.
The test which provided the most accurate results was the 1550 nm smooth mesh and rubber. The 
inclusion, however of the concentricity in the calculation lead to the belief that compression of the 
test fibre played a significant part in the test. For this reason, the test was finally rejected as being 
suitable for the prediction of the microbend resistance of fibres.
The 1300 nm tests were consistent and only included compression as a significant loss mode at the 
lower values of applied force. They were therefore considered to be more accurate. These tests were 
felt therefore to be suitable for the assessment of microbend performance of fibres but values of 
performance predicted for the test using parameters were felt to be slightly unreliable.
The rough mesh and rubber test was seen not only to produce good microbend performance 
indications, but also to be suitable for simulation using a parameter based model. The reason for the 
additional predictability of the 1550 nm test might have been the increased mode field diameter of
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light at this wavelength. The essentially more unstable wavelength might have accentuated any faults 
due to parameter make up rendering the fibre's performance more predictable.
The parameter which was most significant on the 1550 nm rough mesh and rubber test was the cut 
of wavelength. This was not unexpected as the parameter defined the wavelength of light at which 
bent fibre begins to leak light. This value would tend to indicate the ability of a fibre to constrain its 
light when subjected to a torturous path.
The regression of cabled fibre performance against parameters yielded the least correlated and most 
inconsistent results. It was felt that no conclusions could be drawn from the relationships which were 
established because of the large number of zero correlations evident; and that the relationships which 
did exist were felt to be established by chance rather than by any actual relationship. Three 
conclusions could be drawn from the data: either there was no link between the parameters and the 
performance of the fibres in cables or, the regression system had not been provided with all data 
necessary to establish a relationship, or the cabling induced losses included other mechanisms than 
microbending in a random fashion. The latter case was taken to be the case since clearly, the 
parameters did have an effect upon the final performance of a fibre. The magnitude of the effect of 
the parameters was unclear when compared to other influences and if the work was to be concluded, 
these factors should be examined and taken into account. Effects such as the route taken by fibres 
through the production system to final cable completion obviously had a relevance which was ignored 
during the main study. Were these effects included, the accuracy of any predictive model might be 
improved. It was decided that while the inclusion of more factors which might affect cabling 
performance might improve the accuracy of a model, the final model accuracy might never achieve 
levels of correlation greater that the minimum required for significant results. Random effects might 
predominate in cables with controllable effects and measurable parameters taking only a small part. 
It must be decided how much control is exercised by engineers over process variables and whether
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this level allows accurate quantifiable data to be inserted into the regression package before this line 
of investigation can be further pursued.
The relationship between the fibre performance in cables to tests performance was very similar to its 
relationship to fibre parameters, while there was less evidence of "non relationships", and the 
correlation levels seemed higher, there was little evidence of consistency of descriptive microbend 
test. The gradual decrease in correlation levels as the fibres progressed through the manufacturing 
process suggested that additional activities introduced additional factors to the fibres, outside what was 
dealt with by the microbend test. It was not expected that the microbend test would indicate cabled 
fibre performance, however examination of the results shows that in most cases, fibre susceptibility 
had a significant relationship with the performance of this in cables. The only stage of production at 
which fibre performance was close to the line of no significance or where no relationship was found 
to exist was the final sheathing stage. The final production stage was concluded to introduce the 
highest level of extraneous effect to the cabled fires. The 1300 nm rough mesh and rubber test was 
used most often to product the performance of the fibres in the cab;es. It was thought that this was 
because this test was more general than the 1550 nm rough mesh and rubber test and so would better 
simulate the effects experienced by the fibres in cables. The low correlation between parameters and 
cable performance could be associated with this results because of the low levels of correlation 
experienced between the 1300 nm rough mesh and rubber test and the parameters.. The parameters 
could model relatively inaccurately, the performance of fibres on the 1300 nm rough mesh and rubber 
test. Therefore in cables, the cumulative effect of incomplete modelling of the test by the parameters 
equated to poor modelling of cabled performance by the parameters.
The varying tests used to model the cable performance, indicate the changing effects on the fibres of 
the tests at different applied forces. The high variability of correlation values for the incremental
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section of the performance data, suggests that the results of subtracting two inaccurately modelled 
base characteristics is a lowered correlation level in the resulting value.
The actual cable performance results suggest that 1300 nm performance is more predictable than 1550 
nm performance. This, as described above, may be due to the increased mode field radius at the 
higher wavelength leading to more loss susceptibility. It also suggests that at 1550 nm, light in fibres 
is more prone to change be unquantifiable cable effects.
8.6 Interim Conclusions
The research into cabled induced losses produced a test which was both highly repeatable and which 
indicated of the ability of fibres to resist the microbending mode of loss.
The test was adopted by British Telecommunications as a national test standard and continued 
promotion through such bodies as IEC, (International Electrotechnical Commission), and ETSI, 
(European Telecommunications Standards Institute), seeks its international recognition.
Of the tests brought forward from the pilot study, the 1550 nm rough mesh and rubber test was found 
to be the most indicative of microbend performance, and this test was found to be suitable for 
modelling using only the parameters of fibres to be tested on it.
Each of the tests considered as part of the main study was found to test slightly different aspects of 
the fibre ability to constrain light within it under various conditions.
Cut off wavelength and the Gaussian approximation of mode field diameter were found to be 
significant in determining the resistance of fibres to loss modes. The more accurate definition of mode
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field diameter given by the Petermann system was not used as part of any model during the main 
study. It can be concluded that while the Petermann definition gives a more accurate description of 
the power distribution within the fibre, the Gaussian system is more useful in the analysis of the 
implications of mode field diameter upon the fibre's performance.
Different tests were modelled using Gaussian mode field diameters at different wavelengths, (1300 
and 1550 nm). This suggested that the relationship between the spot sizes at these two wavelengths 
were not directly proportional, but were instead slightly mutually independent and as such 
representative of different aspects of the fibre character.
Of the microbend tests in the main study, the 1550 nm smooth mesh and rubber test produced the 
least pure microbends. The impurity of loss modes was felt to be principally due to stress in the fibres 
from compression of the test leading to loss due to polarisation of the signal within it. This test was 
also observed to be the most easily modelled using the fibre parameters.
The lowest levels of applied force on tests were observed as being the least reliable indication of 
microbend performance because of their inclusion of compression as a significant mode of loss.
Both the rough and the smooth mesh and rubber tests at the 1300 nm wavelength were found to be 
producing identical loss modes, possibly because of the relatively small spot size at this wavelength.
The 1300 nm rough mesh and rubber test modelled most closely the cabled performance of fibres. 





The project began with a review of the current fibre and cable production technology and of the 
problems and design criteria normal with both. From a basic understanding of cable induced loss 
modes and why they come about, the project then moved on to highlight particular areas for study 
and the preferred mode of research.
Targeting the microbend mode of loss for particular attention, a review of existing test technology 
was carried out and the shortcomings 2nd advantages of each was highlighted. The test with the most 
potential-the compression based test-was used as a base and then developed to improve its levels of 
microbend purity and repeatability.
Using results from this test, links via predictive mathematical modelling between fibre performance 
of the test and fibre parameters proving the hypothesis that fibre's resistance to loss modes is 
predetermined by their inherent parameter mix.
Using the test and the mathematical model, a technical paper was presented at the International Wire 
and Cable Symposium in 1989 in Atlanta Georgia. The paper was subsequently republished as an 
article in a trade magazine [9.1]. The test was subsequently examined by the optical cabling industry 
and by British Telecom, (BT), and was eventually adopted by BT as an industry wide reference test 
method for fibre microbend susceptibility.
Page 9.1.
The second part of the work sought to continue the development of the predictive performance model 
into the cabled environment. It sought to link microbend test results, fibre parameters and cabled fibre 
performance in the same mathematical way as before. At this stage of the work, it was found however 
that other variables apart from fibre parameters were present and were significant in the determination 
of fibre performance.
It was at this point that the work was stopped and the lessons learned reviewed. The potential of the 
line of research had been demonstrated and enough was learned to ensure that with minor additions 
to the information base, the work could be taken to a successful conclusion.
9.2 Further Work
In order to continue the analysis of loss modes in cables, additional investigation of the systematic 
and random effect active in cables should be carried out. It was felt that although the models produced 
for the cabling performance were as accurate as possible given the input data, their accuracy could 
be improved by more experience of the actual effects.
In addition to merely considering the parameters of input fibres, thought should be given to factors 
such as production route, which were clearly omitted from the analysis of the main study to date.
It is felt that while the modelling of microbend performance is now possible, work still has to be 
carried out if successful predictive modelling of the production process is to be accomplished. The 
experiences of the main study have formed an invaluable base from which this work can be continued 
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ABSTRACT
Microbending within optical fibres is a loss mechanism 
which is accentuated during cable manufacture. Whilst the 
fibres' transmission characteristics are invariably within the 
required specification, some deteriorate due to the cabling 
process. No method currently exists for identifying fibres most 
likely to exhibit this behaviour. This paper describes attempts 
to address this issue and to identify the parameters dictating 
microoend performance. A new microbend test is developed 
which is repeatable and representative, and a model is presented 
which enables fibre performance to be predicted.
INTRODUCTION
Optical fibre cables have many advantages over their co­ 
axial and copper equivalents which include light weight, small 
diameter and excellent transmission characteristics. However, 
optical waveguides are sensitive to mechanical and 
environmental influences and the preservation of the fibre's 
properties is a major challenge in cable manufacture.
Two major mechanisms of signal loss in cabled fibres 
have been classified as macro and microbending. While the 
mechanisms of macrobending are well documented and 
understood [1.2], those of microbending are not. Broadly, 
microbending is a mechanism of loss caused by perturbations 
along the fibre axis. The magnitude of the microbending effect 
in a cabled fibre is a function of both the fibre's parameters, 
and the way the fibre rests in the cable.
When a bobbin of fibre is tested before cabling to 
establish its inherent loss, the observed attenuation will not only 
be a function of the fibre itself, but also of the way it is wound 
onto the drum. A fibre within specification can appear to have 
an excessively high loss simply because of poor drum winding. 
It was for this reason that tests which deduced fibre 
performance from a short sample taken from a drum were 
developed.
The causes of microbending are diverse, with the 
phenomenon being unpredictable and difficult to quantif> This 
is reflected in the industrial tests which are currently used to 
measure the effects of microbending and in the general 
approach to the problem. Two tests for microbending currently 
in existence are the basket weave and the graphite paper tests 
[3,4]. They are examples of the traditional approach to 
microbending and use fibre cross overs and irregular 
perturbations to promote losses. These methods in general 
produce unrepeatable results and in the case of the graphite test, 
can prove destructr.e to the fibre sample.
Anv test should not only classify the loss of a More 
compared to others, but also allow an actual prediction ot cabled 
fibre performance. For this reason, the emphasis ot this 
investigation compared wuh previous papers (5.6] (which have 
provided indices of relative performance for various libre 
designs!, has been the prediction of actual cabled fibre 
attenuations rather than the comparison of test performances.
A feature of the conventional approach to microbending
is to assess the susceptibility of fibres to the phenomenon, 
without explaining the causes of that susceptibility. An aim of 
this investigation has therefore been to relate microbend 
sensitivity to fibre parameters.
From the above considerations, the requirements in 
analysing the microbending phenomenon were taken to be as 
follows:-
(i) A repeatable. representative microbcnd lest was required 
which would be non destructive to the fibre samples:
(ii'l The results of the microbending tests should be linked to 
a fibre's physical characteristics in an attempt to develop 
loss prediction algorithms relevant to all fibres.
These considerations were predominant in progressing 
the work.
TEST DEVELOPMENT AND OBJFC flVTS.
In the previous section, the objectives of the work were 
outlined. A microbending test was required which was both 
repeatable and representative. Repeatability implied not only the 
need for consistent results across several samples of the same 
fibre, but also embodied the notion of total test non- 
destructiveness.
The test was intended to be representative in .is far as 
the results measured could be extrapolated to predict microhcnd 
attenuations within cables. The ultimate aim was to quantit y the 
relationship between measured test attenuations and individual 
fibre parameters. This would allow the test to be superseded by 
a performance prediction algorithm utilising fibre parameters.
In designing a new microbend lest, the shortcomings of 
existing tests were considered and the design modified to 
eliminate them. Inconsistencies in results commonly arise due to 
problems such as:-
(i)1hc method of perturbation inducement is a r:imi«m 
pattern;
(ii'l The fibre is placed on the inducement differently each 
time the test is performed;
(iii) Inconsistent placing of the fibre causes a different length 
to be compressed during each test.
These shortcomings lead to inaccurate results, producing 
tests with limited integrity.
The rig designed for this test is shown in Figure I It 
incorporated features to specifically overcome the problems 
listed above. Mesh was used so that a regular rather than random 
perturbation pattern was imposed on the fibre; twn locating pins 
prevented all movement between surfaces; and the fibre was laid 
in a loop so that the sample would experience all directions of 
mesh to minimise directional inconsistencies. Dimensional 
accuracy was ensured by marking a circle on the holding 
material. A slot cut at the fibre crossover prevented spurious
losses due to unwanted compression at this point. The fibre 
sample was arranged (in a circle of known diameter in a fixed 
position) on the holding material, which was attached to (he top 
block. This ensured that every sample had an identical position 
on the mesh. Both the mesh and the top block were located on 
the pins to ensure consistency of placement.
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material to prevent 
compression of the 
fibre cross-'""• er
klinc. material 
fixed 10 fop Nock
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Figure 2. Refractive Index Prnfile of Tvpc A Fibri?
Figure I. Microhcrulinp. Test
Two types of gauze. 50 (fine) mesh, and 20 (rough) mesh 
were used as perturbation inducements in conjunction with two 
kinds of holding material, neoprene rubber and card. 
Combinations of these materials produced four variations of the 
test. On all of these tests, 0.22 m of fibre was compressed by 
forces of 30. JO. 50. 60 and 70 N. The resulting attenuations 
w-ere analysed and related to their respective fibre parameters.
The fibre samples were selected at random without 
regard for their parameters. For this reason, no performance 
related conclusions should be drawn from the parametric 
distributions.
CHARACTERISTICS OF CVD AND QVD FIBRE.
Figure 3. Refractive Index Profile "f TVPC R Fibre
Three fibre types were chosen in order to evaluate the 
validity of the test. The designs were:-
(i) Modified Chemical Vapour Deposition iMCVD) matched 
cladding single coat fibre;
(iij Modified Chemical Vapour Deposition i MCVD) depressed 
cladding double coat fibre;
(iiil Outside Vapour Deposition tOVD) double coated fibre.
For brevity, throughout the remainder of this paper, the 
aforementioned fibres will be referred to as types A. 0 and C 
respectively. The refractive index profiles of these fibres are 
shown in Figures 2.3.J.
For all fibres, certain parameters ^ere measured in order 
to relate them to test performance. The refractive index 
parameters measured are shown in Table I. along with 
additional derived %alues. Figure 2 shows the points on the 
profiles from which the refractive index parameters were taken.
In addition, the fibre transmission parameters shown in 
Table 2 were measured for each of the fibres.
Figure -4 Refractive Index Profile '••!' Tvpe C Fibre
Figure 5. Absolute \ttcnuqtinns frorn Tvpe \ Fibres "n the 

























Table I. Measured nnd Derived Rel'rnclue Index Parameters 
with Symbols.
loss might exist, affecting to varying degrees the accuracy ot 
results from the different tests. Tor this reason. Ihe icsis were 
critically assessed to identify those most likely to produce pure 
microbending induced attenuations.
The card tests were likely to lead to the fibre undergoing 
periodic constriction rather than the axial perturbation 1; required 
for microbending. Therefore whilst producing consistent results, 
there was evidence that the test promoted modes of loss other 
than microbending.
Figure 6. Absolute Spectral Attenuations for Tvrc A Fibres on 




























Table 2. Measured Fibre Transmission Characteristics. Suiibols
RESULTS.
Figure 5 is an example of a plot of attenuation against 
applied force for the smooth mesh and rubber test. The graphs 
demonstrate the individual loss characteristics resulting from 
each of the tests. Each variant of the test induced differing 
levels of attenuation in the fibre sample. The rough mesh tests 
tended to be more severe than the smooth mesh ones, while the 
rubber caused higher losses than the card.
The tests were designed to induce onlv the microbending 
mode of loss. However, it was recognised that other modes ot
Figure 7. Absolute Spectral Attenuations for Tvpe V Fibre 
Ihe Smooth Mesh and Rubber rest for Various nc 
forces.
The rubber based tests were more likely to cause pure 
microbending. It was however necessary to ensure that the 
degree of macrobending wns insignificant. This was proved hy 
examination of Ihe information in Figures 6,7. showing spectral 
attenuations for the rubber tests. For both graphs, each line is 
a different applied force increasing at intervals of 10 N from 30 
to "0 N. Macrobending is evidenced by the attenuation at 
I550nm being greater than twice the attenuation at I300nm (7] 
In Figure 6 for some compressive forces, the attenuation at 
I550nm met this criterion, suggesting slight macrobending had 
been induced. On the smooth mesh and rubber test in Figure 7 
however, the 1550nm attenuation was alwavs less than twice the 
1300 nm result proving the absence of macrobending. The 
smooth mesh and rubber tests therefore did not produce 
macrobending as a major mode of loss.
The smooth mesh and rubber test could promote other 
undesirable modes of loss. If the mesh were too fine, the fibre
would be unable to follow its form and the test would cause 
mainly compression. The possibility of this effect having any 
significance, was eliminated by carrying out compression tests 
between two flat plates. The forces required to produce 
attenuations of the magnitude observed in the smooth mesh and 
rubber test, were many times greater than those used in the test 
itsell. Another mode of loss other than compression was 
therefore in operation, which indicated that microbends had 
been induced. It was concluded that the smooth mesh and 
rubber lest provided (he desired microbending effects.
The observed increase in signal attenuation with applied 
force, while not being a linear relationship was characteristic 
for each individual fibre. This suggested that the fibre 
parameters dictated not only the absolute attenuation, but also 
the nature of the loss/force relationship.
The signal attenuations for all fibres within a test 
variation were of comparable magnitude. It could therefore be 
concluded that the combined effect of each fibre's 
characteristics, le. refractive index profile, process method and 
coating type, lead to microbend resistance levels of a similar 
order.
The precautions already described for the design and 
construction of the smooth mesh and rubber test, contributed 
positively to the repeatability of the measured attenuations. The 
performance of a fibre was measured by taking five readings on 
a test and then calculating (heir average. The repeatability of the 
test is demonstrated by Figure 8 where for various forces, the 
distributions of a typical fibre's measured attenuations about 
their averages are shown. It can be seen that the measured 
attenuations never exceeded ± 10% of the average attenuation, 
giving a very high degree of repeatability.
closely linked to other parameters that they contributed nothing 
to its accuracy.
It was found that the sample of type A fibres had a 
sufficient spread of parameters to allow the multiple regression 
programme to run successfully resulting in models wiih a high 
conlidence limit. This unfortunately was not the case with the 
type B or C fibres, which had a narrower base of parameters. In 
these cases, the multiple regression package failed to uncover 
any attenuation-related parameter trends.
Having selected"smooth mesh and rubber as the optimal 
test, the analysis enabled a mathematical relationship to he 
developed for the prediction of type A fibre performance. Fable 
3 displays some of the statistical data which shows the high 
degree of accuracy to which the model predicted Jhe measured 
performance. The coefficient of determination. R : is a measure 
of the accuracy of the predicted figures compared with the 
measured ones. The significant T value is the probability that T. 
the ratio of each coefficient to its error, occurred as a result of 
random effects. F is the ability of the equation to explain the 
variability of the measured values. Significant F is She 
probability that the relationship stated in the model couk! ln<.e 
come about by chance. Therefore the combination nf high values 
of R 2 ,T and F, and negligible 'significant' T and F •.alues. 
demonstrated the validity of the model.
Table 4 shows the parameters used in the model and the 
individual coefficients of determination of each when reversed 

















Table 3. Statistical Parameters Showing Accuracy "f Mode 
Relating to the Smooth Me'h ind Rubber rest.
Figure 8. Error in Measured Values at Particular Applied Forces 
at I550nm about their Averages.
ANALYSIS,
The consistency of the results verified that a 
mathematical model could be used to predict the fibre 
performance, obviating the need to perform the test. The first 
attempt to quantify the link betw-een parameter and performance 
involved plotting a fibre's parameters one at a time against us 
attenuations at each value of applied force for each test. This 
method was abandoned since it w>as realised that not only was 
performance a function of multiple parameters, but the 
parameters themselves were interrelated. Clearly, no attenuation 
could be linked to a parameter in isolation, since the mechanism 
of loss was a function of many variables.
It was for this reason that the method of stepwise 
multiple regression (8.9], was used to develop the mathematical 
models. Stepwise multiple regression investigated each of the 
parameters in turn, its relationship with the fibre pertormance 
and its interrelation with other parameters. In this wa>, it was 
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Table 4. Coefficients nf determination 
variables.
f the !ndi\ ulunl model
The parameter with the greatest influence on the model's 
predictions w'as the I550nm Petennann mode field diameter 
(upls ) . The reason for this being that the mode field diameter 
(mfd) is indicative of the amount of light being carried outside 
the fibre core. The larger the proportion of light outside the 
core, the greater the possibility of light leaking out of the fibre 
when it encountered perturbations. The various mathematical 
descriptions of mfd are strongly interrelated; thus ihe multiple
regression programme required only one in the model. The 
choice of the 1550 nm Pelermann representaiion suggested that 
tor this test, it was the best description of the power distribution 
within the fibre.
Equation (I) models the 1550 nm performance of type 
A fibres for the smooth mesh and rubber test using an applied 
force of 60 N.
predicted 
test attenuation = 0.99{upls )+245(A p )- !96(A n )-9.517 (I)
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Figure 9. Absolute Attenuations Predicted bv the Model for
Type A Fibre on the Smooth Mesh and Rubber Test 3t 
I550nm for an Applied Force of 60 N.
CONCLUSIONS.
A repeatable, non destructive optical fibre test was 
developed which induced microbending as the dominant loss 
mechanism.
Results using the above test on CVD matched cladding 
single coat fibre, have been analysed using a stepwise regression 
technique. This has produced a mathematical model which gives 
high statistical correlation with measured values, and in which 
the I550nm Petermann spot size was the most significant 
parameter.
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Appendix B
Procedure for the measurement, and treatment of
the resulting data with the fibre loop/wire mesh
microhend test.
NOTE: It is essential that repeatability is sought at all stages of testing if repeatable results and pure 
microbends are to be produced.
The following is for personnel about to begin measuring with the mesh microbend test, and who 
require a set of data comparing fibres within a sample.
Software Required:
The software used on the test will be required to calculate cumulative attenuation values from a set 
of incremental increases, produced by the increasing forces applied to the microbend test. The nature 
of the data which the test produces, and its subsequent processing requirements are described below.
The fibre attenuation is measured before any load is applied to the test.
The top block is applied and when the signal level settles, (some amplifiers use a moving window 
system of measurement and so a finite delay may be required before true signal level is attained), the 
level is again measured. The difference between the signal levels before and after the application of 
the force, is the incremental attenuation arising from an increase in applied force of 30N.
An additional force of ION is now applied and the incremental increase in attenuation is again 
measured. The cumulative loss is the sum of the two increments measured so far, and is equal to the 
increase in attenuation due to an applied force of 40N. This process is repeated until the incremental 
increase in attenuation due to the applied force increasing from 60 to TON has been recorded, and the 
cumulative total calculated. At this stage, all of the force is removed and the process begun again.
Six discrete measurements are therefore necessary in order to deduce the attenuation increments and 
cumulative totals due to five applied forces. The absolute (cumulative) attenuation due to an applied 
force, is therefore the sum of the incremental attenuations measured to that point.




Ensure good cleaves at both ends of the fibre sample,
Ensure the fibre sample is free from grease and that no particles which may affect results are 
present.
Rig:
Ensure that the rubber "holding material", is securely fixed to the base plate. Any movement 
of the rubber will allow the pencil fibre loop drawn on it to move relative to the reference posts. A 
movement of this kind might invalidate test results. If comparison data is required between current 
and previous fibre samples, then if no movement has occurred of the rubber relative to the reference 
posts, the comparison will be valid. If the rubber has moved relative to the posts, either:
i) ensure secure fixing of the holding material then calibrate the system using a test fibre, (the 
test procedure is described below),
ii) secure the holding material, then re-test a number of fibres from a previous sample. Matching 
results will prove validity of any comparisons made.
Place the wire meshes to be used during the test one at a time on the reference posts. If any "play" 
is apparent, the holes are too large and smaller ones should be drilled elsewhere on the mesh.
Ensure the mesh markings will facilitate consistent orientation of the meshes (there are four possible 
mesh positions on the posts).
Place the top block on the reference posts. Excessive play will indicate holes too large; friction 
preventing smooth movement of the top block along the posts due to holes too small will invalidate 
measurements made. If the latter condition applies, lubricant may rectify the fault, but may lead to 
inconsistent loading as its level will constantly vary. The force applied by the top block should be 
SON.
Ensure that the holding material is clean and that the fibre circle drawn on it is both clean and sharp: 
a line which is thin so that no question of the correct placement of the fibre may occur is essential. 
No inconsistency in the placing of the fibre may be allowed if results with integrity are to be attained.
Ensure that meshes to be used during the test are flat. 
Holding tape,
Pieces of tape no wider than 3mm, will be required, and no more than three pieces of tape may be 
used to fix any fibre sample to the pencil loop on the holding material, (see Fig B.I).
Measurement:
1) Strip and cleave a fibre as well as possible, and insert it into the measuring equipment.
2) Note the signal strength of the light travelling through the unconstrained fibre.
3) Using a maximum of three pieces of tape, (cut as described above), placed at points a,b and 
c of Fig 1, fix the fibre to the pencil loop. A perfect fit is required and any deviation by the 
fibre from any part of the pencil loop, will mean that the fibre has to be removed from the 
holding material, and the measurement process restarted from the start of action point 3.
4) Once fixed to the pencil loop, the signal strength passing through the fibre should be checked. 
Any change in signal strength will indicate, (if the fibre loop is not too small and hence 
inducing microbends), that either the fibre, or the holding material has foreign bodies on it 
capable of invalidating results. In this case, the fibre should be removed from the test rig, and 
the procedure should be restarted from the fibre preparation section.
5) Check the fibre follows the pencil circle on the holding material perfectly. If it does not, 
remove the fibre from the holding material and return to action point 3.
6) Set the wavelength of the light at which the test is to be carried out. (For the purposes of this 
trial, since spectral attenuations will be used, this may not be necessary.)
7) Select the required mesh, (rough or smooth), and place it on the reference posts, checking 
its orientation.
8) Push the mesh down until it is close to the fibre without coming into contact with it.
9) Take the signal strength reading of the fibre in its unloaded condition.
10) Add the top block, gently lowering it down the reference posts, finally allowing it to push 
the mesh onto the fibre. At no point should the block be allowed to fall and should be 
supported until it has come to rest completely.
11) Take a measurement of signal strength: the difference between this and the former reading 
is the incremental attenuation induced by an applied force of 30N.
12) A force of ION should now be applied to the top block. If weights are used to do this, they 
should be lowered with care onto the marked centre of the top block. The signal level should 
again be measured. When the increment in attenuation between 30 and 40N has been 
calculated, it is added to the initial incremental increase. The cumulative total is the 
attenuation caused by an applied force of 40N. This method of measurement is valid, since 
none of the microbends induced have changed between the first and second levels of force 
being applied. The fact that two stage loading is used, is irrelevant compared to the fact that 
no conditions change between stages of loading.
Holding Material
Position of Fibre Loop 
Holding Tape Positions
Cut Out.
Figure ELI Recommended. Position of Holding laps on the Fibre Loop.
Table 1 Demonstration of data handling system necessary 
for the mesh microbend test.


































































































































d, averages calculating correct test results.
average












13) Further increases in mass of ION, interspersed with measurements are carried out until a total 
mass of 70N is attained, at each stage of the loading, the incremental increase in attenuation 
measured is added to the cumulative total that far to deduce the running total. For five 
incremental increases, six measurements are thus required.
14) Remove all force (including the top block), from the rig. Remove the mesh and check that 
the fibre is still in place on the pencil loop. If it is not, the previous set of results is invalid 
and the procedure should be restarted from action point 3.
15) If the fibre remains in place, repeat steps 8-14 a further four times.
16) At the end of the result gathering period, the five sets of cumulative attenuations produced, 
should be compared, and the final result should be the numerical average of all five results.*
17) If necessary, re-select mesh and spot wavelength as required. There are four possible 
combinations of mesh and wavelength (1300 and 1550nm), and all should be included for the 
purposes of this trial.
18) On completion of full tests on a fibre sample, remove the fibre from the rig and test 
equipment, ensuring all pieces of tape are removed from the holding material.
19) If any more fibres are required, return to the start of the check procedure with the new fibre.
* Table 1 demonstrates the principle of data collection described in action points 10-16.
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Appendix C
Spreadsheets Uses for Data Storage.
(1300nm Rough Mesh and Card and 155Qnm Smooth
Mesh and Rubber Sheets Displayed)
12
rough mesh and card measured data 
1300
MAKER FIBRE ID 
ofU b9396601a6241 
ofu ap c9311062a201 
OfU ap C9311112a402 
ofu ap C9311091a501 
OfU ap b9357331a203 
ofu ap b9357252a302 
OfU ap C9271382a321 
ofu ap C9347171a601 
Ofu ap C9357221al21 
OfU b9396752a3081 






OfU ap C9311091al02 
ofu ap c9316422al01 
ofu ap C9316441a301 
ofu ap C9311152al01 
ofu ap c9357271a531 












ofu ag U6b9357252a6011 
ofu ag U6b9397721a5022 
ofu ag u6b9406021a3041 
ofu ag U6b9397641al051 
ofu b9396811a2011 
ofu ag U6b9397871a5031 
ofu ag u6b9397641a2081 
ofu ag u6c9397011a!072 
ofu ag U6b9396491a4062 
OfU ag U7b9406061a2021 
ofu ag u7b9397431a8011 
ofu ag u7b9406021a2071 
ofu ag u7b9406021a4061 
ofu ag u7b9397641a3281 
ofu ag u7b9397871a2252 
Ofu ag u7b9397431a5041 
ofu ag u2b9406071a3031 










































































































































































































































































































































































































































card 3.127 22.05 1.21
card 3.127 22.05 1.01
card 3.127 22.05 1.57
card 3.127 22.05 1.58
3.127 22.05 2.19
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ofu ag U7b939743la5041 
ofu ag U2b9406071a3031 
ofu ag U2c9397011a2012 
ofu ag U7b9397871a5032 
ofu ag U2b9397871a2251 
ofu ag u2b9406021a4062 
ofu ag U2c939701lal271 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Results Graphs for All Fibres 
Tested During the Pilot Study.
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Rough Mesh and Card Test Results-1550 nm. 














Rough Mesh and Card Test Results-1550 nm. 























Rough Mesh and Card Test Results-1300 nm.






— -""""g— — «=--- ::Ei3"" "" " __4_— — — - — ~^~
p— — ^___i__ — — - — ~~~^T~~ .„.......---•+ -Q--
__^——— -dr^^^^-"-"-"'""''"^
==r^rrrr , _/^_.
0 .Q.-..—— e——— O-H
> ^




d91 11 361 36021
3915165135051


















Rough Mesh and Card Test Results-1300 nm. 
Each Line is the Average of 5 Result Sets.
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Rough Mesh and Card Test Results-1300 nm. 





















Rough Mesh and Card Test Results-1300 nm. 



















Rough Mesh and Rubber Test Results-1550 nm. 

















Rough Mesh and Rubber Test Results-1550 nm. 
Each Line is the Average of 5 Result Sets.
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Rough Mesh and Rubber Test Results-1550 nm. 



























Rough Mesh and Rubber Test Results-1550 nm.
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Rough Mesh and Rubber Test Results-1300 nm. 













Rough Mesh and Rubber Test Results-1300 nm. 














Rough Mesh and Rubber Test Results-1300 nm. 
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Rough Mesh and Rubber Test Results-1300 nm. 























Smooth Mesh and Card Test Results-1550 nm. 
Each Line is the Average of 5 Result Sets.
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Smooth Mesh and Card Test Results-1550 nm. 
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Smooth Mesh and Card Test Results-1550 nm. 



























Smooth Mesh and Card Test Results-1300 nm.
Each Line is the Average of 5 Result Sets.
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Smooth Mesh and Card Test Results-1300 nm. 
Each Line is the Average of 5 Result Sets.
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Smooth Mesh and Card Test Results-1300 nm. 
Each Line is the Average of 5 Result Sets.
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Smooth Mesh and Card Test Results-1300 nm. 




















Smooth Mesh and Card Test Results-1300 nm. 















Smooth Mesh and Rubber Test Results.
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Smooth Mesh and Rubber Test Results-1550 nm. 
Each Line is the Average of 5 Result Sets.
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Smooth Mesh and Rubber Test Results-1550 nm. 















Smooth Mesh and Rubber Test Results-1300 nm. 












Smooth Mesh and Rubber Test Results-1300 nm. 
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Smooth Mesh and Rubber Test Results-1300 nm. 
Each Line is the Average of 5 Result Sets.
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Smooth Mesh and Rubber Test Results-1300 nm. 
Each Line is the Average of 5 Result Sets.
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Smooth Mesh and Rubber Test Results-1300 nm. 












Smooth Mesh and Rubber Test Results-1300 nm. 















The technique of stepwise multiple regression was chosen over standard multiple regression because 
it was viewed to be far superior. Multiple regression is used when a relationship of the form
y = a,x, + a2x2 + ..... + ^x, + Vi
has to be established. In the case of the pilot study, the y value represents one of the measured data 
values form the test, for example the attenuation at 50 N. compressive force, at 1550 nm., on the 
rough mesh and rubber test. The Xj .... xn values are parameters of the fibres under test and the 'a' 
values are the coefficients inserted in order to model the values of 'y', the independent variable, a,,*,, 
is a constant.
The problem with this type of standard multiple regression was that when x parameters were inserted, 
every one of them no matter how detrimental to the accuracy of the model, was inserted in it 
attached to a coefficient. The theory was that every x parameter named was useful to the accuracy 
of the model and was hence inserted. This approach was ideal for normal applications, but as has 
already been pointed out, all available fibre parameters were used with no account being taken of their 
correlation with the test data. The models resulting from this form of analysis were found to be highly 
inaccurate, since a large number of the parameters in the model, had no correlation with the y values. 
It was decided that a more selective form of model construction was required.
Stepwise multiple regression functions by checking the correlation of each available x value to the y 
value, and finding the most significant. When this is done, it checks through the remaining x values 
and finds the next most significant and removes that. It continues to repeat this process until the R2 
values of the remaining x parameters are below 0.005. When it attains this situation, it attaches
41
coefficients and a constant to the parameters it has extracted and thus constructs a model made up of 
only significant values. The suitability of this mode of regression to the study was demonstrated by 
the excellent correlation figures between predicted and actual performance figures shown in Appendix 
D..
When the pilot study was complete, it was noticed that the stepwise multiple regression which had 




existed the model would disregard it since when viewed linearly, no relationship would exist. It was 
determined that in the main study, the regression package would be given the opportunity to choose 
form a much wider range of relationship types to allow further enhancement of model accuracy.
42
Appendix F
Stepwise Multiple Regression Printout and 
Explanation of Terms.
43
The advantage of using a stepwise regression program is that within one computer run, all of the 
independent variables are sorted into their order of significance, and an equation is produced at each 
step. It is not always obvious in advance which of the variables of a complex problem will provide 
the best estimates of the dependent variable.
The stepwise programme allows difficulties of independent variables which are disruptive to the 
accuracy of the model to be omitted. The output from such a system consists of ta series of regression 
equations with a corresponding standard error of estimate, and a multiple correlation coefficient., One 
of these equations has been produced at each step. Thus, the number of independent variables per 
equation is successively greater as the number of steps progresses.
At each step the output includes:
Multiple regression coefficient (multiple R),
Standard error of estimate,
Analysis of variance table which includes the regression and residual,




For the variables in the equation,
Regression coefficient.
Standard error,
F value to remove, 





In addition to these output statistics, it is desirable to ensure that the following outputs are made 
available: means and standard deviations of each variable; correlation matrix of each variable with 
every other variable; list of residuals-a list showing the actual value of each value of the dependent 
variable given as input data, and the value calculated by using the equation derived in the final step 
of the regression analysis. The list then shows the difference between the actual and the computed 
values under the heading 'residual'.
45
Appendix G
Repeatability Performance of the Microbend 
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Figs G. 1 and G.2, show typical results from the rough mesh and card test. It was found that 
repeatability on this test was consistently high, with all five readings at each applied force falling well 
within the ±10%limits imposed by the figures shown. Clearly the average attenuations given at all 
applied forces were equally representative of fibre performance. ISOOnm wavelength results on the 
rough mesh and card test were often more highly correlated about the mean value than the 1550nm 
ones, suggesting that at 1550nm, slight variations in test conditions became more significant than at 
ISOOnm. The 1300nm results were therefore more likely to give consistent results, while 1550nm 
results would give a greater spread while indicating more precisely the microbend susceptibility 
performance of fibres.
The greater susceptibility of fibres to minor variations in test conditions at 1550nm was to be 
expected. The mode field diameter of the light in the fibre at the higher wavelength was much greater 
than at ISOOnm. A larger mode field diameter increases the percentage of the light signal carried 
outside the fibre core. If more light is carried outside the core in this way, the critical point at which 
light begins to escape from the fibre is more easily attained. A less severe perturbation will be capable 
of causing light to escape, thus rendering a fibre carrying 1550nm light more susceptible to 
microbending than one carrying 1300nm light.
Figs G.3 and G.4, show the repeatability performance of the rough mesh and rubber test on a 
representative sample of test fibres at 1550 and ISOOnm. It is clear that the spread of the data is less 
consistent than had previously been observed with the rough mesh and card test. This suggested that 
the test was showing more susceptibility to minor variations in conditions which again might have 
pointed towards microbend modes of loss. On the rough mesh and rubber test, it was more common 
than on the rough mesh and card test to observe a reading which fell outside of the ± 10% tolerances. 
This effect was most common amongst fibres with low attenuation values and the lower levels of 
applied force. This suggested that while the qualities of the mesh and holding material used affected
48
-rn, =BA. , MESH AND ^UBBER REPEATABILSTiES 
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+/-10% TOLERANCE BANDS ARE SHOWN ON A FIBRE'S FIVE RESULT SETS
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both repeatability of measurements, another important factor was the level of attenuation induced. The 
noise induced by the equipment must have been of a level which hampered accurate measurement of 
induced attenuation levels. A constant level of noise would be proportionally more significant with 
respect to lower signal levels than to high level ones .Higher level signals would have proportionally 
wider tolerances with respect to noise levels reducing the significance and effects of the noise; while 
at low signal levels wide variations in measurement or even, no measurements at all would result.
If repeatability were the only criteria for the microbend test, the card based tests would be used in 
preference to the rubber based tests due to the higher levels of signal and therefore the less significant 
levels of noise present. The criteria however as was seen in chapter 8, were much broader than this 
and so while card based tests might presently be attractive, other test variations might prove to be 
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The smooth mesh and rubber test repeatability graphs, (Figs G.5 and G.6), show the greater scatter 
common amongst test variations inducing lower values of attenuation. The smooth mesh and rubber 
variation shows a change from what has been said above: the 1550nm wavelength results appear to 
give a higher repeatability than their 1300nm counterparts. In order to show the greater spread of 
results produced by a lower attenuation inducing test, it was necessary to increase the tolerance limits 
of the figures to ±25%. Examination of the results within the wider tolerance bands shows the effect 
of noise on the signal levels measured. The 25% tolerance limits appear to contain most of the 
measurement points at the 1550nm wavelength. At the 1300nm wavelength however, particularly the 
results at the lower applied force end, fall inside the base noise levels and are effectively lost. The 
severity of the problem is demonstrated by the fact that the higher applied forces should include a 
considerably larger accumulated measurement error due to the method of data handling, (explained 
in Appendix B), than the smaller applied forces. The lower force results, unlike the larger ones are 
not the sum of several results and therefore should have a smaller accumulated error. The fact that
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the smaller force results show a greater degree of scatter, proves that the potential repeatability of the 
microbend test produced is hampered by the measurement equipment used. Were equipment of a 
better quality available, repeatability results could be greatly enhanced.
1 550 nm SMOOTH MESH AND CARD REPEATABILITYS 





















Figs G.7 and G.8 show the repeatability results from the smooth mesh and card test variation. The 
repeatability of the 1550nm wavelength results, except at the 30 and 40N applied force levels, was 
high enough to allow tolerances of ± 10% to be imposed. Clearly the card based tests yielded a high 
repeatability figure, which only became significant when the level of induced attenuation dropped 
below the level of background noise. The graphs produced from readings taken at the 1300nm 
wavelength were small enough to force widening of the tolerances to ±25%.
It had become clear that the level of background noise introduced by the measurement equipment was 
of the order of 0.1-0.2dB. Thus any result which had an increment between adjacent readings or an
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induced it. This conclusion is borne out by the figures of Appendix D. The lines in each of these 
graphs is a plot of results taken from a single sample fibre. The lines are the average of five 
individual sets of results.lt can be seen that the rough mesh and card results show mainly steady 
increases in attenuation with only occasional slight variations in line gradient.. The ISOOnm 
wavelength average results lines showed less stability and more gradient changes than their 1550nm 
rough mesh and card equivalents. The absolute attenuations involved as well as the increments, were 
smaller than at 1550nm, and while the results could be expected to all fall within ±10%, of the 
average values represented as lines here, it was clear that the 1550nm results were more stable. While 
the ISOOnm results were known to be less susceptible to test variations than the 1550nm results, the 
background noise was more significant with the lower level attenuations. It can be deduced that 
background noise is a more significant cause of result inaccuracy and that the quality of the results 
produced by the test could be greatly improved with a better measurement system.
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The smooth mesh and rubber test average results lines' attenuations were much lower than those seen
with the rough mesh and card test. Results below the O.ldB mark show a greater tendency towards
reduced stability. It is not unusual to observe reductions in average attenuation levels with increasing
applied force at these levels. It is very unlikely that negative increments would result from increasing
applied force, suggesting strongly that these results are incorrect and are adversely affected by
measurement noise. If the errors induced are due to measurement equipment shortcomings, the cut-off
point below which measurements have to be discounted due to excessive background noise levels
would be the same for all test variations. For this reason, it has been possible to set a minimum base
and incremental induced attenuation level and thus at this stage to highlight tests most likely to be
rejected because their readings consistently fall short of the criteria.
The conclusions drawn in this appendix are summarised in section 9.3.1.
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Appendix H
Nature of the Loss Modes Induced by the Microbend 
Test-Assessment During Pilot Study.
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Figs 7.13 and 7.14 show the spectral attenuations induced by the microbending test variations at each 
applied force. Each figure shows the results obtained from a single sample fibre with each line 
indicating the attenuation observed at one applied force. Clearly, the line representing the lowest 
levels of attenuation, demonstrates the attenuation induced by an applied force of 30N, (the lowest 
level of force). Similarly the line showing the highest levels of attenuation was measured with the 
greatest value of applied force, (70N), applied to the test. The results lines between these two 
extremes, represent the attenuations induced by the remaining applied forces of 40, 50 and 60N each 
force representing a higher level of attenuation across the light spectrum.
The figures show representative fibre results from the rough and smooth mesh and rubber tests. It was 
found that the attenuations produced by the tests, both contained a high degree of macrobending, as 
evinced by attenuations at 1550nm greater than twice the attenuations at 1300nm on the spectral 
attenuation graphs. It was deduced that the card based tests made a bad match between holding 
material and mesh, and that the combination caused perturbations which were too severe. The card 
may haver been too firm to allow the fibre to retreat into it slightly, thus allowing a lessening of the 
effects of the mesh. For this reason the tests were found to be non-conformant of the second 
requirements of the tests.
For the rubber based tests, the spectral attenuation traces merited closer inspection since both tests 
produced graphs which showed the dominant mode of loss to be microbending. For both figures, 7.13 
and 7.14, it can be seen that the attenuation at 1550nm is less than or equal to twice the attenuation 
at 1300nm.
The smooth mesh and rubber spectral attenuation graph, (Fig 7.14), shows that on this test variation, 
for all applied forces, the attenuation measured at 1550nm is always twice the attenuation measured 
at ISOOnm. The prevailing mode of loss is clearly microbending. The rough mesh and rubber graph,
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(Fig 7.13), demonstrates that the rough mesh would produce loss modes which lay on the
macro/microbending dividing line was correct. The lower applied forces of 30 and 40N yielded
attenuation plots in which the attenuation ratios suggested microbending as the dominant loss modes.
The higher forces of 50, 60 and 70N tended to suggest that the additional applied forces had increased
the severity of the perturbations induced and that this change had altered the loss mode emphasis from
micro to macrobending. The soft rubber which was chosen so as to mould the fibre to the mesh
profile rather than constrict it on the high points of the mesh, had induced bends so severe that they
became the radii which induce macrobending. The large gaps between the wire allowed the significant
bends to occur, where the smooth mesh, or the rough mesh with lower applied forces would have
prevented it. From the point of view of microbend purity, therefore, the best option would appear
to be the smooth mesh test or the rough mesh test with low values of applied force.
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Appendix I
The Ability of the Mjcrobend Test to Induce
Perturbations across a Wide Range of Spatial Frequencies
- Assessment during Pilot Study.
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The success with which the loop of fibre design on the microbend test induced perturbations which 
covered a wide spectrum of spatial frequencies was tested using spectral plots such as those shown 
in Figs 7.13 and 7.14.
Figs 7.13 and 7.14 show the spectral attenuations induced by the microbending test variations at each 
applied force. Each figure shows the results obtained from a single sample fibre with each line 
indicating the attenuation observed at one applied force. Clearly, the line representing the lowest 
levels of attenuation, demonstrates the attenuation induced by an applied force of SON, (the lowest 
level of force). Similarly the line showing the highest levels of attenuation was measured with the 
greatest value of applied force, (70N), applied to the test. The results lines between these two 
extremes, represent the attenuations induced by the remaining applied forces of 40, 50 and 60N each 
force representing a higher level of attenuation across the light spectrum.
In the ideal theoretical case, the design would induce all possible frequencies of perturbation thus 
attenuating al light wavelengths equally. The practical case could not be expected to achieve this 
perfect level of performance, and so each test variation was judged on its ability to perform as close 
to the ideal case as possible.
Because the mesh has a finite size and therefore the number of interactions between fibre and mesh 
is limited, all light wavelengths cannot be attenuated equally. It would be assumed that as the fibre's 
angle to the mesh gradually changed, the perturbation spatial frequency would increment at each 
interaction. Were a more rough mesh used, the increment between adjacent perturbation spatial 
frequencies would be larger. Results reflecting this, would show highly attenuated light wavelengths 
interspersed wkh large gaps of wavelengths which had been less severely attenuated. A mesh which 
was less coarse, (more smooth), would have a smaller incremental change between adjacent 
perturbation spatial frequencies, effectively yielding a higher resolution when the spectral attenuation
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traces were measured. The effect would be to reduce the width of the lower attenuated bands of light, 
theoretically giving a n attenuation curve which had a much higher percentage of higher attenuated 
wavelength bands. Before actual examination of the Figures, there would therefore seem to suggest 
that a smoother mesh would give a higher density of highly attenuated wavelengths leading to a 
smoother spectral attenuation curve.
Examination of Figs 7.13 and 7.14 shows that the fibre loop theory is correct. By placing a loop of 
fibre onto the wire mesh, the fibre interacts with the wire mesh at constantly varying wavelengths 
inducing perturbations covering a wide spectrum of spatial frequencies. The curves are as expected, 
with equal attenuation across the whole transmission window. Clearly the range of spatial perturbation 
frequencies is sufficiently broad. The large peak at the left hand side of bath Figs 7.13 and 7.14 is 
a water absorption peak which is a feature of silica optical fibres, and which was not removed from 
the traces by the monitoring software.
Fig 7.13 shows the rough mesh and rubber spectral attenuation trace. While the trend of the graph's 
lines is a smooth curve, oscillations in results are apparent. The lines, particularly those representing 
the attenuations from higher applied forces, show periodic raising and lowering of attenuation values. 
The higher forces of 60 and 70N, show that the higher values of attenuation-those which are increased 
as a result of the perturbation spatial frequency in the fibre matching the beat length of the light 
travelling through it at that point-are interspersed with lower valued attenuations. The rough mesh 
induces perturbations whose spatial frequencies increment by large amounts leading to the higher 
attenuated wavelengths of light being widely space. It can be seen that the 60 and 70N attenuation 
lines, appear to be a high level of attenuation interspersed with points of lower level attenuation. The 
majority of wavelengths are therefore highly attenuated as required. The lowest applied force, (30N), 
line appears to be a set of lower level attenuations interspersed by an occasional higher level one. The 
significant peak on the 30N line is the one at 1250nm. This peak shows the level of attenuation which
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might have been achieved across the whole spectrum, had all wavelengths been highly attenuated. 
Because neither the 40 or SON lines show a peak at the 1250nm wavelength, it can be deduced firstly 
that the peak was not normal for the test variation or force-that is were the test carried out on other 
fibres, a peak would not occur at this point; and secondly the high point of the SON line suggests that 
both the 40 and SON lines are also at the lower attenuation level. This theory is borne out by the 
attenuation patterns when all three low level applied force lines appear to rise and fall together 
between 1340 and 1380nm. The lines will, given proper conditions performs similarly. The peak at 
1250nm is clearly a rogue result since it is not reflected in any of the lines.
Observations from Fig 7.13 would seem to suggest that the microbending part of the loss mechanisms 
present at 60 and 70N is mainly at the higher level attenuation which, while because of the roughness 
of the mesh increments the spatial perturbation frequencies coarsely, covers a wide enough light 
spectrum. The lower applied force lines, 30, 40 and SON appear unaffected by the mesh, which 
suggests that the microbending induced is most active only at a small number of wavelengths. Those 
wavelengths may be the most significant ones such as when the fibre is lying parallel or at 45° to the 
warp and weft of the mesh. These are clearly the largest of the perturbations, with other angles 
producing smaller perturbations which would require more force to encourage the fibre under test to 
be perturbed by it. The lower force lines are therefore being fully perturbed only at the major spaces 
on the mesh, while the smaller perturbations were unable to perturb the fibre until higher forces were 
applied.
Fig 7.14 shows the spectral attenuation on the smooth mesh and rubber test. All applied force lines 
on the smooth mesh and rubber test were elevated to the higher level of attenuation. This was shown 
by the fact that interruptions in the smooth attenuation line were dips rather than rises in the smooth 
line height. Wavelengths of light not covered by perturbation spatial frequencies, with lowered
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attenuations prove that the smooth mesh excites a broad range of frequencies at small increments to 
the higher level of attenuation at all applied forces.
Optimum coverage of wavelengths at the broadest wavelength window is to be obtained with the 
smooth mesh. An equally broad coverage but with larger gaps between raised attenuation wavelength 
bands is produced by the rough mesh.
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Appendix T
Review of Attenuation Monitoring Equipment used
in Conjunction with the Microhend Test.
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inFig I.I. is a schematic representation of the equipment which was used to monitor the changes 
attenuation induced in fibres by the microbending test. This equipment worked in conjunction with 










Fig LI Microbend test monitoring equipment
The light ray passed through the monochromator which selected the light of suitable wavelength from 
the input source. The "chopper" modulates the light signal to allow operation of the lock in amplifier. 
A mode stripper is attached which comprises a curved bath containing index matching fluid. The 
purpose of this equipment is to move the light power near to the fibre surface and then "pare" off any 
secondary modes which might be propagating. The reason for the inclusion of the stripper was to 
prevent any secondary modes from propagating during the test. Ordinarily the protective coating 
layers would be expected to strip off extra modes, but the fibre sample was sufficiently short to mean 
that this could not be guaranteed.
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Fibre is then passed through the microbend test and a second mode stripper to a photodetector. The 
output of the photocell was passed to a lock in amplifier which supplied the computer with data which 
was processed as detailed in Appendix B.
Sources of error introduced into the data by the test equipment, (not including the microbend test), 
were:
Fibre cleave errors, introduced when a fibre is cleaved and passed into the photodetector 
housing. Each cleave will vary slightly and cleave angle and introduction of impurities to the 
fibre end will lead to individual modifications being made to the light signal by each of the 
fibres;
Monochromator movement, play in the drive mechanisms of the monochromator components 
and lateral movement of mirrors and lenses will mean mat light wavelength and line-width 
will vary slightly between fibres,
Chopper instability, the chopper used was mechanical in nature and therefore capable of small 
frequency variations. The effect is to slightly adjust the frequencies of the modulations 
received by the photodetector and therefore the lock in amplifier equipment,
Detector sensitivity, the detector was sensitive to varying degrees to light of different 
wavelengths. For this reason the comparative power observed between the two transmission 
wavelengths was slightly inaccurate,
Monochromator line-width, the equipment used to produce one light wavelength had a line- 
width, (the wavelength width of the light omitted by the equipment), was typically +/-5 nm,
65
Drift in alignment housing, once the fibre had been locked into the alignment housing and the 
signal optimised, the fibre was not adjusted again for the remainder of the readings taken on 
it, (because of the cumulative nature of the results), thus an alignment drift error could be 
introduced,
Detector housing drift, as above, some drift error could be introduced by the detector 
housing.









Table 1.1 Sum of errors introduced to the measured attenuation signal by the measuring 
equipment.
The levels of error were taken as the noise level below which signal readings were taken to be zero.
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